インドネシアノカンソウチニオケルリングガタエミッターニヨルチカカンガイニカンスルケンキュウ by Saefuddin, Reskiana
  
 
 
Study on Ring-Shaped Emitter for Subsurface 
Irrigation in Arid Region of Indonesia 
 
 
 
 
 
 
 
 
 
2019.3 
 
 
Agricultural and Environmental Engineering 
United Graduate School of Agricultural Science  
Tokyo University of Agriculture and Technology 
 
 
RESKIANA SAEFUDDIN 
  
Study on Ring-Shaped Emitter for Subsurface 
Irrigation in Arid Region of Indonesia 
 
 
By 
 
Reskiana Saefuddin 
 
 
 
A dissertation submitted in partial fulfillment of the requirement for the 
degree of Doctor of Philosophy  
 
 
 
 
March, 2019 
 
 
 
Agricultural and Environmental Engineering 
 United Graduate School of Agricultural Science  
Tokyo University of Agriculture and Technology  
 
 
 
 
Committee Members: 
 
Chair : Hirotaka Saito, PhD. (Professor, TUAT) 
Co-chair : Tasuku Kato, PhD. (Professor, TUAT) 
Co-chair : Hisao Kuroda, PhD. (Professor, Ibaraki University) 
    Yuji Kohgo, PhD. (Professor, TUAT) 
    Hiroyuki Matsui, PhD. (Professor, Utsunomiya University) 
 
 
 i 
 
 
学 位 論 文 要 旨 
 
 
 
 
Study on Ring-Shaped Emitter for Subsurface Irrigation in Arid Region of Indonesia 
 
(インドネシアの乾燥地におけるリング型エミッターによる地下灌漑に関する研究) 
 
 
 
Agricultural and Environmental Engineering 
Reskiana Saefuddin 
レスキアナ サフディン 
 
 
 
 
 
 
Nowadays, freshwater resources are getting scarcer due to climate change, poor management and 
pollution. It will become a chronic problem in the future because of the rapid increase in the world population. In 
many water-scarce regions, farmers need to adopt one of the efficient irrigation methods for sustainable crop 
production. While in many developed countries high-tech micro irrigation methods such as sprinkler and drip 
irrigation are used increasingly, many farmers are reluctant to adopt these methods due to their high initial cost of 
installation, costly maintenance, and needs of highly skilled and well-trained engineers. Therefore, the use of 
indigenous skills and materials is crucial to promote irrigation technologies in such areas.  
A ring-shaped emitter made from a common rubber hose has been developed and introduced for 
subsurface irrigation in some arid regions of Indonesia. It is a low-cost irrigation technology based on indigenous 
materials and skills. To build a ring-shaped emitter of the original design, a rubber hose is bent into a ring shape 
with a diameter of about 20 cm, and five 5-mm holes are drilled into it at an even interval. The entire ring-shaped 
hose is covered with a permeable textile so that water can infiltrate in all directions around the buried emitter. 
Although it has been practiced for cultivating horticulture crops, the performance of the ring-shaped emitter has 
not been evaluated in detail. Additionally, because the ring-shaped hose is fully covered with the textile, it may be 
difficult to detect any malfunctions or repair it. To promote the ring-shaped emitter for subsurface irrigation 
among small-scale farmers in arid or semi-arid regions, it is important to design an emitter that is easy to maintain 
and operate.  
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The main objective of this study is to investigate the performance of the ring-shaped emitter for 
sustainable subsurface irrigation practices in arid regions. The comprehensive study and analysis were conducted, 
including the improvement of the ring-shaped emitter design, the evaluation of ring-shaped emitter performance 
on subsurface water movement and irrigation water productivity during crop cultivation, and the assessment of 
long-term effect of subsurface irrigation with the ring-shaped emitter on subsurface environment. A combination 
of experimental and numerical analysis was applied in this study.  
The laboratory experiments were first carried out in order to investigate the evaluation of the wet volume 
around the buried ring-shaped emitter in different soil textures (silt and sand) and inlet water pressure head 
application. The effect was then analyzed numerically using HYDRUS. The results indicated that hydraulic 
properties greatly influenced the wet volume during subsurface water application through the buried emitter. 
Additionally, alternative emitter designs were proposed by reducing the number of holes in the emitter and by 
changing the covering method to partially covered only around the holes to increase water use efficiency and to 
simplify the maintenance of the ring-shaped emitters. The spatial extent of the wet volume around the buried 
emitter in different designs was then numerically simulated with HYDRUS.  As results, the non-uniformity in the 
wetted volume in silt for the emitter with fewer holes was not significantly different because water moved radially 
from the emitter, diminishing the effect of the spatial hole configuration. On the other hand, for sand, the wet 
volume evaluated by computed cumulative compensated root water uptake (RWU) is strongly affected by the 
emitter design when preceding irrigation was considered. Simulation results showed that reducing the number of 
holes in sand gradually increased RWU as slowly infiltrating water allowed plant roots to uptake water 
continuously.  
The second experiments were carried out in a glass-house in order to evaluate the performance of ring-
shaped emitter on soil water dynamic and irrigation water productivity during bell pepper cultivation. Two ring-
shaped emitter designs were compared; original and alternative designs. HYDRUS was used to analyze soil water 
dynamic and root water uptake. Both experimental and numerical analysis revealed that although the alternative 
emitter design had lower yield and growth performance, it can increase irrigation water productivity without 
compromising water stress for the crops.    
Finally, the long-term effect of subsurface fertilization with the ring-shaped emitter on the subsurface 
environment was assessed numerically using HYDRUS. The simulations were conducted for 10 years. The results 
indicated that potential nutrient leaching into groundwater was higher when using the original ring-shaped emitter 
over 10 years. On the other hand, the amount of nutrient leaching can be minimized when the alternative emitter 
design was used.  
Overall, this study clearly demonstrated that in designing subsurface irrigation with the ring-shaped 
emitter involves with many factors, including the selections of an appropriate water pressure head application (i.e. 
emitter discharge rate), soil hydraulic characteristics, crop and climate conditions as well as plant root distribution, 
root and nutrient uptake, transpiration and evaporation. Understanding water and nutrient movement in the root 
zone around the ring-shaped emitter are important for an efficient irrigation water management and prevention of 
solute leaching to groundwater environment.  
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Chapter 1. Introduction 
 
1.1. Overview 
The rapid increase of the world population causes an increase in parallel with the world’s 
food and water demand. FAO projected that the world would need to produce 60 % more food to 
ensure global food security in 2050 (FAO, 2015). The development of the agricultural sector has 
contributed to the improvement of the food security. The projected increase in the food demand will 
reflect a significant rise of water utilization particularly in the irrigation. Globally, the volume of 
fresh water withdrawn for irrigation will increase from 2.6 thousand km3 in 2005-2007 to an 
estimated 2.9 thousand km3 in 2050, especially occurring in lower income countries (FAO, 2011b).  
Water is a major input in the provision of food and agricultural production. The problems of 
the water resources are getting more severe due to climate change, poor management and pollution. 
The shortages of water will result in increasing competition in many sectors, which will constrain 
agricultural production and will affect the income and livelihood opportunities for farmers 
especially in rural areas of the lower income countries. In many water-scarce regions, farmers will 
need to adapt in using less water for irrigation, while facing increasing demands of their products. 
Innovative technologies and management are required to achieve more productive use of irrigation 
water in agriculture.  
Agriculture will continue to be the largest user of water resources in most countries, often 
accounting for 70 % or more of water withdrawals from rivers, lakes and aquifers. Presently, about 
82 %, or about 93 km3 of the freshwater resources in Indonesia are being used for the agricultural 
production while the rest is for drinking, municipal, industrial and other uses (AQUASTAT, 2011). 
Supply water for agriculture demand can be increased either by reducing water losses from farming 
practices or losses from distribution of water in irrigation network and canals.  On farm practices, 
water losses can be further reduced by introducing more efficient irrigation systems. Micro 
irrigation has been developed rapidly in recent years and adopted for cultivating various high-value 
crops in water-scarce regions as a way to increase water use efficiency and water productivity.  
Micro-irrigation is an irrigation method that applies water slowly to the roots of plants, by 
depositing water either on the soil surface or directly to the root zone, through a network of valves, 
pipes, tubing, and emitters. Micro irrigation techniques including surface and subsurface drip 
irrigation (trickle irrigation), pitcher irrigation, and subsurface irrigation using a clay pipe can be 
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used to improve irrigation efficiency on vegetable crops by reducing soil evaporation and drainage 
losses (Batchelor et al, 1996). Due to its ability to localize water application, a drip irrigation 
system can achieve higher irrigation efficiency (70 – 90%) than surface irrigation or flooding 
irrigation (40 – 50%) even when designed well and operated correctly (Postel, 2000).  
In subsurface drip irrigation (SDI) technique, water or a mixture of water and nutrient 
referred to fertigation can be applied slowly to the root zone through buried plastic tubes containing 
embedded emitters, while maintaining a dry soil surface (Ben-Gal et al., 2004). Compared with 
other irrigation techniques, the subsurface irrigation has higher water saving efficiency because of 
its ability to decrease water loss introduced by leakage during water transport, surface evaporation 
and deep percolation. Another motivation of using subsurface irrigation is to reduce the extensive 
labor involved with seasonal installation and collection of surface drip system laterals and 
components (Lazarovitch et al., 2006). Many investigators advocated the use of subsurface drip 
irrigation to attain more crop yields and increase water irrigation efficiency. Miguel and Fransisco 
(2007) compared the yield and fruit quality of tomatoes in surface and subsurface drip irrigation. 
They found that tomatoes yield increased by 66.5% when using subsurface irrigation compared with 
the surface drip treatment.  
Although micro irrigation methods have been conventionally used over many decades for 
field crops and horticultural crops, their expansion is quite limited despite of its high water use 
efficiency and numerous advantages. This is mainly due to the fact that the conventional “state-of-
the-art” micro irrigation system is viewed as the technology for large commercial farms engaged in 
high value agriculture and is not appropriate nor affordable for small and marginal farmers in many 
developing countries (Keller et al., 2002). Furthermore, some of the modern irrigation technologies 
designed for large-scale farming with complex and expensive devices tend to fail when introduced 
in rural areas of developing countries where farming is generally practiced on a much smaller scale. 
In these areas, maintaining the complex irrigation systems becomes a roadblock to promoting 
modern technologies because there are not enough well-trained engineers and it may be difficult to 
find parts to repair these systems. Therefore, the use of indigenous skills and materials is crucial to 
spread such irrigation technologies in such areas. 
The prospectus for the expansion of this technology has brightened with the development of 
a range of low cost/affordable micro irrigation systems, fitting to a different income level of farmers 
and farm sizes (Keller and Andrew, 2002; Kulkarni, 2005). Low cost and simple pressurized 
irrigation systems are becoming popular among the small-scale farmers in developing countries. 
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These systems not only help improve crop productivity, but also provide other secondary beneﬁts 
such as increase employment opportunities, and food security to a large number of small holder 
farmers. Lowder et al (2014) reported that farm size of Indonesia is relatively small where around 
78 % farm-holders have land less than 1 ha.  
Subsurface irrigation with ring-shaped emitter (Saefuddin et al., 2014) is one of low cost-
affordable irrigation techniques, which has been developed and introduced in some arid regions of 
Indonesia.  The emitter made from a rubber hose is economically affordable, especially for small-
scale farmers. After a rubber hose is bent into a ring shape with a diameter of about 20 cm, five 5-
mm holes are drilled at even intervals. The entire ring-shaped hose is then covered with a permeable 
textile so that irrigated water can be distributed through the permeable textile in all directions 
around the emitter. Water is supplied through a supply tube connecting a water tank and the ring-
shaped emitter. The emitter can be installed directly in the root zone at a given depth.  
Although the ring-shaped emitter for subsurface irrigation has been successfully practiced 
for cultivating annual and perennial crops in an island of Indonesia (Saefuddin et al., 2014; 
Sumarsono et al., 2018), where precipitation is limited, its current design and operation are purely 
empirical. Understanding soil water movement and the spatial extent of the wet volume around the 
emitter is crucial to achieve optimum operation of subsurface irrigation with the ring-shaped emitter 
and to modify its design to improve usability and water use efficiency. In addition, the current 
design of the ring-shaped emitter does not allow one to easily detect malfunction because the 
emitter is fully covered with the permeable textile. As a result, it is not easy to repair it quickly. For 
faster promotion of the technology, it is important to have a design that is easy to maintain.  
The HYDRUS (2D/3D) model (Šimůnek et al, 2016) solves the Richards equation 
numerically in 2D or 3D spatial domains based on the finite element method to simulate water flow 
in variably-saturated porous media. In HYDRUS, root water uptake, solute transport, and root 
nutrient uptake can be included in the simulations (Šimůnek et al., 2016). HYDRUS enables the 
implementation of a wide range of boundary conditions, irregular boundaries, and soil 
heterogeneities. It has been used to assess many subsurface irrigation applications. For example, 
Skaggs et al. (2004) compared HYDRUS-2D simulated water contents under subsurface line-source 
drip irrigation with observed field data in three different emitter discharge rates applied. Kandeleous 
and Šimůnek (2010b) used HYDRUS-2D to compare laboratory and field data of water movement 
in clay loam from a buried point water source at different depths and discharge rates. Kandelous et 
al. (2011) validated HYDRUS to simulate water movement from a subsurface drip irrigation system 
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by comparing the simulated results with the measured soil water contents from several field 
experiments. Hanson et al. (2008) used HYDRUS-2D to study salt leaching with subsurface drip 
irrigation using saline irrigation water under shallow saline ground water conditions in loamy soil. 
Wang et al. (2013) calibrated HYDRUS for long-term simulations with field experimental data in 
order to evaluate sustainable irrigation regimes of mulched drip irrigation with saline water for 
cotton in arid Northwest China. Overall, they concluded that HYDRUS is an effective tool for 
investigating and designing subsurface irrigation management practices. Moreover, HYDRUS can 
be used to accurately simulate short and long-term soil water dynamics and solute transport in 
various subsurface conditions.  
1.2. Objectives of Study 
In order to provide and promote sustainable subsurface irrigation with the ring-shaped 
emitter for cultivating the crop in arid regions, the assessment of optimal design and operation 
under such irrigation practice is crucial. Therefore, laboratory and cultivation experiments were 
conducted, while HYDRUS numerical model was used to simulate soil water dynamics and 
calibrate soil hydraulic parameters in various soil types and environmental conditions. The specific 
objectives of the research were; 
1. To investigate and characterize the spatial soil water movement around the buried ring-
shaped emitter for different soil types and to validate the capacity of HYDRUS to 
simulate such water movement. 
2. To numerically evaluate the effect of modifying the ring-shaped emitter designs on soil 
water dynamics. 
3. To investigate experimentally and numerically water dynamic distribution around the 
buried ring-shaped emitter during bell pepper cultivation. 
4. To evaluate the performance of the ring-shaped emitter in terms of water productivity and 
irrigation water productivity during the cultivation of bell pepper. 
5. To investigate and evaluate the long-term effect of using subsurface irrigation with the 
ring-shaped emitter on water movement and solute transport and its effect on the 
subsurface environment.  
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1.3. Structure of Dissertation 
The main body of this dissertation is divided into four chapters (Chapter 4 to Chapter 7), 
addressing all specific objectives of the study. The description of each chapter is as follows:  
Chapter 2 reviews the general concept of micro irrigation, including subsurface irrigation, 
and application of micro irrigation in Indonesia. 
Chapter 3 reviews the numerical model, HYDRUS that can be used to evaluate the 
performance of various irrigation designs and management.  
Chapter 4 describes the experimental and numerical analysis of soil water distribution 
around the buried ring-shaped emitter. Laboratory experiments were first carried out to monitor the 
changes in soil water contents during subsurface water application through the original ring-shaped 
emitter design buried at a given depth. The effect of soil properties and applied water pressure at the 
emitter inlet on soil wetting patterns was analyzed using HYDRUS.  
Chapter 5 illustrates the effect of alternative ring-shaped emitter designs on soil water 
dynamics around the buried emitter. In this study, alternative designs of ring-shaped were proposed 
by reducing the number of holes in the emitter and by changing the covering method into partially 
covered only around the holes to increase water use efficiency and to simplify the maintenance of 
the ring-shaped emitters. The spatial extent of the wet volume around the buried ring-shaped emitter 
in different designs was numerically simulated. The numerical simulations were carried out in a full 
three-dimensional domain so that the asymmetry in the hole configurations could be modeled 
without any simplification.  The results of Chapter 4 and 5 have been published in Agricultural 
Water Management Journal (Vol.211, p111-122, Saefuddin et al., 2018) 
In Chapter 6, bell pepper cultivation experiments were carried out in glass-house during 
summer season of 2017 to address the third and fourth specific objectives. In this experiment, two 
different designs of the ring-shaped emitter, original and alternative designs were used in the 
cultivation experiment. The changes in the soil water content at given positions and meteorological 
data were monitored during the growing season as input parameters to assess the effects of the ring–
shaped emitter designs on soil water distribution and plant root water uptake. HYDRUS was used to 
analyze soil water dynamics. The performance of the ring-shaped emitter in different designs in 
terms of water productivity and irrigation water productivity was then evaluated. The paper 
summarizing the experimental results of this chapter has been accepted for publication in Paddy 
and Water Environment Journal.   
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Chapter 7 describes the numerical evaluation of long-term effect of using the ring-shaped 
emitter for subsurface irrigation on water movement and solute distribution. HYDRUS was used to 
characterize the interactions between water and fertilizer application on subsurface environment and 
their effects on the plant root water uptake. The simulations were carried out for 10 years. In 
addition, two ring-shaped emitter designs were compared during fertigation applications.    
Chapter 8 summarizes the conclusions of the works and the recommendations for future 
work.  
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Chapter 2. Literature Review 
 
2.1. Management of Micro Irrigation in Arid and Semiarid Region 
Meanwhile, judicious water use, long-term sustainability and increasing efficiency, as well 
as improving the yield to water consumption ratio become major priorities to overcome the limited 
availability of irrigation water in arid and semiarid regions of the world. Micro irrigation 
technology is considered as a higher water saving option that can be applied in these regions with 
alternative cropping options.  
Micro irrigation is the slow application of water on, above or below the soil surface by 
surface drip, subsurface drip, bubbler and micro sprinkler system (Lamm et al, 2007). Water is 
applied as discrete or continuous drips (also called trickle), tiny stream, or miniature spray trough 
emitters or applicators placed along a water delivery line adjacent to the plant row (ASAE, 2011). 
In some parts of the world, micro irrigation is called localized irrigation to emphasize that only part 
of the soil volume is wetted. Micro Irrigation is usually characterized by the following features: (1) 
water is applied at low rates; (2) water is applied over long periods; (3) water is applied at frequent 
intervals; (4) water is applied near or into the root zone; (5) water is applied by a low-pressure 
delivery system; and (6) water is routinely used to transport fertilizers and other agricultural 
chemicals (Lamm et al., 2007).   
Several benefits of micro irrigation are reported by many investigators such as; (1) increased 
water use efficiency; (2) improved crop yields and quality; (3) reduced non beneficial use by 
decreasing surface evaporation and elimination of irrigation run off from sloping fields or hillsides; 
(4) reduced deep percolation; (5) improved fertilizer and other chemical applications with 
minimized leaching and run off of the chemicals. Despite observed successes and possible 
advantages, several shortcomings have been encountered with the economics and mechanics of 
applying water with micro irrigation systems for some soils, water qualities and environmental 
conditions. The disadvantages include; (1) expensive initial and maintenance costs; (2) require 
expert and advanced skill to install the irrigation network, (3) potential emitter clogging due to root 
and solid particles intrusions; (4) salt accumulation near plants when high salinity water is used in 
arid regions (Lamm et al., 2007).     
The continuous use of micro irrigation in arid and semi-arid environments inevitably leads 
to water table variations, and often to problems of water logging and salinization. Nitrate resulting 
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from nitrogen fertilizers used in agriculture is a widespread contaminant of groundwater and causes 
adverse effects on the health of humans, animals, and the ecosystem. Nitrates are not the only 
pollutants attributable to irrigation, so are plant nutrients in general, pesticides, and heavy metals. 
Pharmaceutical compounds emerge as pollutants when wastewater is used for irrigation without any 
previous treatment (Siemens et al., 2008). 
Applying saline water continuously for irrigation through surface drip irrigation (DI) 
systems might result in salt accumulation close to the soil surface (DeMalach and Pasternak, 1993; 
Oron et al., 1995). Under conventional on-surface DI, during irrigation or precipitation, the salts 
that are accumulated close to the soil surface can migrate downwards and reach the main root zone. 
This process may inhibit water and nutrient uptake, consequently affecting the crop growth and 
yield (Hanson, 1995). In order to offset the osmotic shock imposed on the crop by the leached salts, 
a practical solution was proposed. It was suggested to further leach the accumulated salts in the 
main root zone to deeper layers by continuing to drip irrigate simultaneously with the periods of 
precipitation.  
Alternatively, Oron et al. (1990) and Phene et al. (1990) have proposed that this problem can 
be overcome by applying saline water through a subsurface drip-irrigation (SDI) system. It is 
anticipated that under SDI, the salt front is partially driven down into the deeper soil bulk media and 
to the periphery of the root zone, thus minimizing the risk of damaging the main roots of the plants. 
Moreover, the improved moisture conditions in the vicinity of the emitter offsets and the inhibiting 
effects of the presence of the salts in the saline water (Michelakis et al., 1993). Additionally, Phene 
et al. (1987) reported that since the SDI is installed below the soil surface, a properly managed 
system can increase the advantages of conventional DI systems, especially in the areas of efficient 
water and nutrient utilization, salinity management and deep percolation.  
2.2. Subsurface Irrigation Method 
Subsurface Irrigation is one of micro irrigation methods in which water is applied below the 
soil surface through buried emitter including drip tapes, perforated pipe, clay pipe and tube. This 
method can ensure timely allocation of a suitable amount of water and nutrients to the root zone and 
crop water requirement, which may improve crop quality and productivity (Sun et al, 2016). The 
relatively dry soil on the surface during subsurface application can also prevent the growth of weeds 
(Sagi, 2006; Kreij et al., 2003).  Other advantages of Subsurface irrigation include the increase in 
the working life of the system as vandalism, and solar radiation degradation are avoided; ploughing 
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and other cropping practices are facilitated, and the development of fungal disease are diminished 
(Martines and Reca, 2014). In addition, subsurface irrigation ahs a special advantage of securing 
system safety against pilferage and damage by animals and during intercultural operations. The 
value of subsurface irrigation promoted during the initial period of 1980s, rapidly promoted during 
the second half of 1980s and continuing its development at present mostly in areas having 
insufficient water and environmental problems linked to irrigation and where the wastewater is used 
for irrigation.   
At nowadays, the most common subsurface irrigation has been used widely is subsurface 
drip irrigation (SDI). Camp (1998) reviewed the results of some previous works that compared the 
crop yield both in subsurface and other different methods of irrigation. He concluded that crop 
yields for subsurface drip systems were equal or better than the other systems in all cases, including 
different crops, soils, and cultivation condition. A few comparative studies (Fandino et al., 2012; 
Cancela et al., 2015) showed slightly higher grapevine water uptake and coefficient under 
subsurface drip irrigation than under surface drip. While Miguel and Fransisco (2007) found that 
tomato yields increased by 66.5 % when using subsurface drip irrigation compared with the surface 
drip irrigation. Despite of its numerous advantages of subsurface drip irrigation, the SDI also has a 
lot of issues to be solved as the associated equipment development and technical research is not 
mature. Many studies have regarded the hydraulic characteristics of embedded emitters and factors 
affecting the flow rate of embedded emitters. For example, Xu et al. (2003; 2004) explored the 
effects of emitter type, operating pressure on the flow rate using the orthogonal experimental 
design.  
Lazarovicth et al (2006) stated that in contrast to surface drip irrigation, soil hydraulic 
properties may affect SDI dripper discharge rates. During irrigation, positive water pressure 
backpressure may develop in the soil near a subsurface dripper following the principles of flow 
from a point source (Philip 1992). The magnitude of pressure developed depends on soil texture, 
dripper discharge, potential cavity development near the dripper, and drip system hydraulic 
properties (Shani et al. 1996). Develop positive soil water pressures, resulting in a decreased 
discharge from subsurface drippers; this effect is most pronounced with non-pressure-compensated 
drippers operating at low pressures (Shani et al. 1996). In addition, variations in soil hydraulic 
properties within a field, and different cavity formation during installation, cause a discrepancy in 
pressure buildup adjacent to individual drippers—and subsequent non-uniform discharge and water 
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application (Warrick and Shani 1996; Ben Gal et al. 2004). Therefore, selected drippers discharge 
should be sufficiently low to closely match with root uptake rate of water (Lazarovitch, 2006).  
Most SDI systems are designed to operate at pressure heads greater than 7 m. In general, 
pumps are needed to develop such pressures. There is increasing interest in SDI systems designed to 
operate at much lower pressures, e.g., 1.5–2.0 m e.g., (Su et al. 2000). Such systems may eliminate 
the need for pumps, allow an increase in an irrigated area without increasing pump capacity, or 
reduce the discharge rate without a decrease in orifice size. Low pressure systems generally cost 
less than systems designed to operate at high pressure, which may encourage their adoption. Such 
SDI systems are also a possible solution toward low discharge continuous irrigation, which would 
maintain a high root zone, soil water content and hydraulic conductivity, thus maintaining high 
water availability to plants (Rawlins and Raats 1975; Radin et al. 1989). Low-pressure SDI systems 
may be especially advantageous in developing countries, where access to electricity can be 
problematic. However, systems designed to operate at low pressures are particularly prone to the 
soil-induced changes in dripper discharge.  
The performance of subsurface irrigation should be quantified for its proper design, 
management, operation, and provide irrigation water use efficiently. Quantification allows the users 
to determine and control the drippers or emitter discharge and operating pressure of system, 
backpressure effect on dripper discharge, formation of cavity and application of irrigation water to 
meet the crop water requirements. Determining the appropriate depth placement of the emitter 
requires consideration of soil properties and the root distribution of crop (Patel and Rajput, 2008).      
Information on root distribution is useful to understand crop responses to irrigation and 
fertigation, especially with the limited wetted soil volume that develops under subsurface drip 
(Phene et al., 1991). Phene et al. (1990) showed that root length and rooted soil volume of sweet 
corn could be improved by frequent irrigation with shallow subsurface drip irrigation. They 
revealed that frequent irrigation maintained a portion of the root zone within the optimal matric 
potential range. In high frequent irrigated corn, root length density and water uptake patterns are 
determined primarily by the soil water distribution under drippers, whether the drippers are placed 
on, or beneath the crop row (Coelho and Or, 1999). 
   Most of the root system is concentrated in the top 40 cm of the soil profile in drip irrigated 
processing tomatoes (Machado and Oliviera, 2003). Supply of aerated water with subsurface drip 
irrigation can maintain aeration of the root zone in heavy clay soils significantly increase yield of 
vegetables soya bean and zucchini (Bhattarai et al., 2004).  
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In Subsurface drip irrigation, the choice of drip tape depth is influenced by crop, soil, 
climate characteristics and anticipated cultural practices, but generally ranges from 0.02 to 0.7 m 
(Camp, 1998). It is often in the range of 0.05 to 0.2 m for shallow rooted horticulture crops. From 
the literature, a depth of 0.15 m for lettuce would be appropriate on sandy soil. Although 
installation depth is generally decided for horticulture reasons, another consideration for 
determining depth is that deeper placement of 0.45 m may be required if the primary aim is to 
reduce soil evaporation and capture the potential benefit of improving water use efficiency (both in 
yield and quality) (Bryla et al., 2003). Camp et al., (2000) studied on SDI under different system 
design, installation, application and operation. They suggested that lateral SDI should be installed at 
a shallower depth on coarse-textured soil and slightly deeper for finer-textured soil for multi years 
or long-term use of SDI system.     
Irrigation scheduling is one of the important components to achieve higher irrigation 
efficiency under any subsurface irrigation system. Irrigation scheduling is influenced by many 
factors such as soil, crop, climate, water supply and cultivation practices. Thus, it is essential to 
develop an efficient irrigation scheduling under prevailing local conditions. Various methods based 
on the estimated crop evapotranspiration rate, ratio of irrigation water to cumulative pan 
evaporation (Batra et al., 2000) and soil water depletion are widely used for scheduling irrigation in 
many cultivation crop practices. Irrigation application with 100% of crop evapotranspiration 
provided the highest yield in subsurface drip system when the drip tape was placed at a depth of 10 
cm (Patel and Rajput, 2008).  
2.3. Application of Micro Irrigation in Indonesia 
Indonesia consists of more than 17,000 islands with over 1.9 million square miles of land, 
which make it the 15th largest country. Indonesia has a population estimated at 271 million in 2020, 
up from the 2015 estimate of 256 million (BPS, 2018). Indonesia is considered as an agricultural 
country where agriculture has long been serving as the contribution to the country’s GDP. The 
predominant characteristics of Indonesian farming systems are family based, small-farm holdings, 
subsistence crops and traditional (non-mechanized) management.  Lowder et al (2014) reported that 
farm size of Indonesia is relatively small where around 78 % farm-holders have land less than 1 ha.  
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Indonesia has tropical monsoon-type climate which was characterized by slight changes of 
seasons and temperatures, high degree of humidity and periodically heavy rainfall. Indonesia is 
located in a wet tropical region with an annual average of about 2400 mm, varying from 1000 mm 
in East Nusa Tenggara to 4500 mm in parts of Papua (Syuaib, 2016). Generally, there are two 
seasons; the dry and wet. Temperatures range from 21oC to 33oC, but at higher altitudes the climate 
is cooler. The humidity is between 60 and 80% (AQUASTAT, 2011). Based on soil types, rainfall 
and length of growing period, five pragmatic agro-ecological zones might be recognized in the 
country; (1) dry land with dry climate, (2) dry land with wet climate, (3) highland, (4) lowland 
irrigation and (5) tidal swamp, as it is illustrated in Fig 2.1 (Syuaib, 2016). From the total of 189.2 
million ha Indonesian lands, about 108.8 million ha is classified as acid upland, distributed mainly 
in Sumatra, Kalimantan and Papua. Semiarid uplands of 13.3 million ha are distributed in East 
Kalimantan, East Java, Bali, West Nusa Tenggara and East Nusa Tenggara (Mulyani and Sarwani, 
2013). 
In Indonesia, the expansion of micro irrigation has been accompanied by the accumulation 
of pilot project research which is supported by governments and NGOs. Over the past two decades 
drip irrigation has spread considerably in Indonesia only 9.1 million ha from the total of arid land in 
Figure 2.1 Agro-ecological zones of Indonesia (adapted from Central Agency of Soil and Agro-
climate) (Syuaib, 2016). The red circle shows the region where subsurface irrigation with ring-
shaped emitter was applied. 
Figure 2 1 Agro-ecological zones of Indonesia (adapted rom Central Agency of Soil and Agro-climate) (Syuaib, 2016). The red cicle 
shows the regi  where subsurface irrigati n with ring-shaped emitt r as applied. 
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Indonesia of 143 million ha (PU, 2016). The application of micro irrigation in general drip and 
sprinkler irrigation has been focused primarily on horticulture production and plantation (PSDA, 
2008). Under micro irrigation, the agriculture water consumption in Indonesia can be reduced to 
63.8% as the water use efficiency increases up to 90% on various horticulture crops (Imanudin and 
Prayitno, 2015).  
Low-pressure micro irrigation such as drip irrigation and micro-spray irrigation has been 
introduced to small–scale farmers in Indonesia for almost two decades, but the adoption and 
application of this technology has been limited. The slow spread of micro irrigation technology due 
to socioeconomic characteristic of the farmers (i.e., landholding size and education) and high-cost 
investment (Purwartini and Suhaeti, 2017). Moreover, Palada et al. (2011) stated that the adoption 
and impact of affordable drip irrigation technology in Asia and Pacific countries, including 
Indonesia are mainly determined by climate, particularly the rainfall pattern and growing season in 
addition to other related technical and socioeconomic factors.   
2.4. Irrigation Water Productivity and Water Use Efficiency 
On-farm strategies, water productivity can be used as indicator to evaluate the performance 
of irrigation system. There are several definitions exist for the term of water productivity. It may 
convey as the physical ratio between yields and (productive or unproductive) water use (Zwart and 
Bastiaanssen, 2004) or between the value of the product and water use (Vasifendousta et al., 2008). 
Siedel et al (2015) defined five definitions of water productivity (WP) as follows;  
PI
Y
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where Y is the actual yield and YRF is the actual yield of a non-irrigated (rainfed) treatment with 
similar plant density and row spacing (both in Kg ha-1). I is irrigation water applied, P is 
precipitation, SW is soil water depletion (different in soil water content between planting and 
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harvesting), CR is capillary rise and ETc is the actual crop evapotranspiration, all during growing 
period (all in m3 ha-1).  
According to Vazifedousta et al. (2008), WPI+P is defined as the actual yield divided by the 
sum of irrigation water applied and precipitation. Rodrigues and Pereira (2009) determined water 
productivity similar to WPSW as the ratio between actual yield and total water use, which is the sum 
of season precipitation and irrigation, capillary rise and soil depletion. While WPI does not consider 
rainfall or assuming that rainfall is very low. WP can also be defined as the yield divided by actual 
transpiration or evapotranspiration (Perry, 2011).    
Water use efficiency is defined as the ratio of the total dry matter of harvested (economic) 
portions of the crop produced per unit water consumed. Significant improvements in yield have 
been documented with micro irrigation without significant increases in the consumed water leading 
to improved water use efficiency (Phene et al., 1993). Intercropping or even multiple cropping of 
vegetables and melon crops with subsurface micro irrigation increased yields, improved water use 
efficiency, and reduced water applications between cropping seasons (Bucks et al., 1981). 
Continuous cropping is a practical way to increase water use efficiency where water prices are 
increasing and urbanization occurred (Lamm et al., 2007).  
The irrigation water use efficiency can be defined as the yield of plant product per unit of 
irrigation water used during cultivation and it is a measure of the productivity of the irrigation water 
(Martinez and Reca, 2014).  The efficiency of drip irrigation water is highly dependent on 
evaporation losses occurring from the constantly saturated soil beneath emitters. The Advent of 
subsurface drip irrigation is in part an approach to curb this inefficiency. Various methods of 
evaporation reduction, such as mulching that have been employed in irrigation.    
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Chapter 3. HYDRUS 
 
3.1. Numerical Model of Water Flow 
Irrigation design and management require some form of predictive capabilities regarding the 
relationships between the water application rate, soil properties and plant root water uptake pattern, 
and their combined effect on the resulting soil water dynamics and distribution. These relationships 
are formulated in models that take many forms and include those that are physically-based, analog 
and mathematical. The widespread availability of computer makes it possible to implement 
mathematical models to solve the Richards equation depicting variably saturated water flow. The 
most common models are numerical, analytical and empirical model (Subbaiah, 2013). For most 
general conditions, the Richards equation can be solved only by numerical techniques with finite 
differences and finite elements approach (Lamm et al., 2007).  
Subbaiah (2013) stated that the highly nonlinear nature of the Richards equation due to the 
dependence of the hydraulic conductivity and diffusivity on the moisture content, in combination 
with the non-trivial forcing conditions, makes the Richards equation practically impossible to solve 
using analytical approaches except for a few special cases (Ju and Kung 1997; Arampatzis et al. 
2001; Kavetski et al. 2002). The analytical solutions for the Richards equation exclusively dealt the 
absorption (moisture movement without gravity) and inﬁltration problems. Little attention has been 
paid to the redistribution and drainage problems. Philip (1991b) concluded the analyses of 
redistribution and drainage processes using the Richards model have almost totally relied upon 
numerical techniques.  
The development of knowledge over time on the conceptual understanding and 
mathematical description of water ﬂow, solute/nutrient transport, and root water uptake in trickle 
systems had been integrated in various software packages. Šimůnek (2005) presented some of the 
software developed for variably saturated ﬂow. Šimůnek et al. (1999) developed a general-purpose 
and user-friendly two-dimensional numerical model, known as SWMS 2D (simulating the water 
movement and solute transport in two dimensions), or more recently as HYDRUS-1D and 2D/3D 
(Šimůnek et al., 2012; 2016). 
HYDRUS is well known Windows-based computer software, uses the Galerkin ﬁnite 
element method based on the mass conservative iterative scheme proposed by Celia et al (1990). 
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The software enables the implementation of one, two or three-dimensional, axially symmetric water 
ﬂow, solute transport, and root water and nutrient uptake based on ﬁnite element numerical 
solutions of ﬂow equations. The HYDDRUS computer code uses the Richard equation for variably 
saturated ﬂow and Fickian based advection-dispersion equations for both heat and solute transport. 
The ﬂow equation considers water uptake by plant roots, as well as hysteresis of the unsaturated soil 
hydraulic properties. The software packages come with Levenberg–Marquardt type non-linear 
parameter optimization modules to allow estimation of a variety of soil hydraulic and solute 
transport parameters from experimental data. Unknown hydraulic parameters can be estimated from 
measured soil water contents, pressure heads, and/or boundary ﬂuxes during transient ﬂow by 
numerical inversion of the Richards’ equation. Additional retention or hydraulic conductivity data, 
as well as a penalty function for constraining the optimized parameters to remain in some feasible 
regions (Bayesian estimation), can be optionally considered. The procedure similarly permits 
nutrient transport and/or reaction parameters to be estimated from measured concentrations and 
related data. 
In HYDRUS, the governing equation for saturated–unsaturated flow, written as a 
multidimensional form of the Richards equation shown below, is solved numerically using the finite 
element method to simulate subsurface soil water movement. 
𝜕𝜃
𝜕𝑡
=
𝜕
𝜕𝑥𝑖
[𝐾 (𝐾𝑖𝑗
𝐴 𝜕ℎ
𝜕𝑥𝑗
+ 𝐾𝑖𝑧
𝐴)] − 𝑆   (3.1) 
where  is the soil moisture content [L3L-3], h is the pressure head [L], K is the unsaturated 
hydraulic conductivity [LT-1], 𝐾𝑖𝑗
𝐴 is the component of a dimensionless anisotropy tensor, S is the 
source/sink term accounting for root water uptake [T-1], and xi is the spatial coordinate [L]. For an 
isotropic medium, the diagonal components of 𝐾𝑖𝑗
𝐴 are unity, while the off-diagonal components are 
all zeros. The unsaturated hydraulic conductivity function is given by  
   , , , z , , , zs rK h x y K K h x y            (3.2) 
where Kr is the relative hydraulic conductivity [-] and Ks is the saturated hydraulic conductivity 
[LT-1].  
In HYDRUS numerical model, the soil hydraulic parameters can be modeled using the water 
retention and hydraulic conductivity function of van Genuchten-Mualem constitutive relationships 
(Mualem 1976; van Genuchten, 1980) as follows; 
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where θs is saturated water content [L
3L-3]; θr is residual water content [L
3L-3]; Ks is saturated 
hydraulic conductivity [LT-1]; m, n and α are empirical parameters; l is shaping factor and Se is the 
relative saturation (dimensionless). 
3.2. The Sink Term Root Water Uptake Model 
Root water and nutrient uptakes are one of the most important processes considered in 
numerical models simulating water content and fluxes in the subsurface, thus controlling water flow 
(recharge) and nutrient transport (leaching) to the groundwater (Šimůnek and Hopmans, 2009). 
Root water uptake is defined by the water potential gradient and hydraulic resistances in the soil-
plant system (Steudle and Peterson, 1998). There are two major approaches generally used to 
simulate root water uptake in vadose zone hydrological models at the plot or field scale; a 
microscopic and macroscopic approach (Hopmans and Bristow, 2002). In the first approach, water 
is extracted by plant roots based on a microscopic or mesoscopic (Feddes and Raats, 2004). This 
approach considered a single root to be an infinitely long cylinder of uniform radius and water-
absorbing properties. In the macroscopic approach, root water uptake intervenes as a sink term. The 
water extraction of the entire root system is included to describe the transient multidimensional 
water flow of the Richards equation (Clausnitzer and Hopmans, 1994), according to  
    (3.6) 
where θ is the volumetric water content [L3L-3], K is the unsaturated hydraulic conductivity tensor 
[LT-1], h is the soil water matric head [L], z is the depth which is included for vertical flow [L], and 
S in the volumetric sink term [L3L-3T-1], representing root water uptake as a function of both time 
and space. This macroscopic approach allows direct integration of root water uptake with the 
transient soil water flow and provides natural interaction between transpiration and root water 
extraction. The macroscopic approach has been utilized in many vadose zone models, in which the 
   ),,,( tzyxSzhK
t


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potential transpiration is distributed over the root zone proportionally to root density, and is locally 
reduced depending on soil saturation and salinity status (Feddes et al, 1978; Maas, 1990).  
The distribution of root water uptake (RWU) depends, besides the root distribution, also on 
the water availability in the root zone. When the soil dries out and the soil water potential decreases 
to the wilting point, the difference in water potential between the soil and the plant causes reducing 
in root water uptake. The relation between RWU, soil water potential, and transpiration demand is 
described by a so-called stress function (Feddes et al., 1978).  
Hillel (1980) stated that the rate of water uptake from a given volume of soil depends on 
rooting density (the effective length of roots per unit volume of soil), soil conductivity, and the 
difference between average soil-water suction and root suction. If the initial soil-water suction is 
uniform throughout all depths of the root zone, and the active roots are not uniformly distributed. 
The rate of water uptake will be highest where the density of roots is greatest. Therefore, more rapid 
uptake will result in more rapid depletion of soil water content.  
The numerical model HYDRUS software package (Šimůnek et al., 2006; 2008; 2016) is 
capable of incorporating plant root water uptake using the macroscopic approach introduced by 
Feddes et al. (1978). In HYDRUS, root water uptake is modeled as a sink/source term, representing 
the volume of water removed per unit time from a unit volume of soil due to plant water uptake. 
Root water extraction, S(h), from the soil can be computed either as compensated or uncompensated 
root water uptake.  
3.2.1. Root Water Uptake without Compensation 
The sink term, S(h) in eq.  (3.1) represents the volume of water removed per unit time from a 
unit volume of soil due to plant water uptake. The water stress is accounted for using the model 
suggested by Feddes et al. (1978), which is implemented in HYDRUS;   
     (3.7) 
where Sp (LT
-1) is the potential water uptake and α(h) is a dimensionless water response function for 
water uptake. Feddes et al. (1978) proposed a linear model for the water stress response function 
α(h) which involves five threshold variables: P0, the pressure head [L] below which roots start to 
extract water from the soil; POpt, the pressure head [L] below which roots extract water at the 
maximum possible rate; P2H, the limiting pressure head [L] below which roots cannot longer 
extract water at the maximum rate (assuming a potential transpiration rate of r2H); P2L, the limiting 
pressure head [L] below which roots cannot longer extract water at the maximum rate (assuming a 
SphhS )()( 
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potential rate of r2L); P3, the pressure head [L] below which root water uptake ceases (the wilting 
point); and r2H and r2L, potential transpiration rate [LT
-1]. Figure 3.1 gives a schematic plot of the 
stress response function used by Feddes et al. (1978). Under non-optimal conditions, i.e., either too 
wet or too dry, Sp is reduced by means of the factor α(h). The reduction of root water uptake due to 
water stress, α(h), is described as: 
∝ (ℎ) =
{
  
 
  
 
0                    , ℎ ≥ ℎ1
(ℎ1 −ℎ)
(ℎ1 −ℎ2)
        , ℎ1 > ℎ ≥ ℎ2 
     1              , ℎ2 > ℎ ≥ ℎ3
  
(ℎ−ℎ4)
(ℎ3−ℎ4)
        , ℎ3 > ℎ ≥ ℎ4   
0                  , ℎ4 > ℎ  }
  
 
  
 
   (3.8) 
where h1, h2, h3 and h4 are the threshold model parameters. Water uptake is at its potential rate when 
the pressure head between h2 and h3, decreases linearly when h>h2 or h<h3 and becomes zero when 
h<h4 or h>h1. The parameters of the stress response function for a majority of agricultural crops can 
be found in various databases (e.g. Taylor and Aschorft, 1972; Wesseling et al., 1991) and are 
directly implemented in HYDRUS. The actual root water uptake is equal to the potential uptake rate 
(potential transpiration rate) during the periods of no water stress (α(h) =1).  
 
 
 
 
 
  
 
 
Figure 3.1 Schematic of the plant water stress response function, α (h) as proposed by Feddes et al. 
(1978).  
 
 
 20 
 
 
 
 
 
The potential water uptake, Sp, is affected by potential transpiration and the spatial root 
distribution. When the potential water uptake rate is distributed over the three-dimensional root 
domain (Figure 3.2), Sp becomes: 
      (3.9) 
where Tp is the potential transpiration rate [LT
-1], St is soil surface associated with the transpiration 
process, b(x, y, z) is a spatial root distribution function. The three-dimensional model for root 
distribution used in HYDRUS is expressed by Vrugt et al. (2001). The function of root distribution 
is described by the following equation; 
(3.10) 
where Xm, Ym and Zm are the maximum rooting lengths in the x-, y-, and z- directions [L], 
respectively; x, y, and z are distances from the origin of the three in the x-, y- and z- directions [L], 
respectively; px [-], py [-], pz [-], x
* [L], y* [L], and z* [L] are empirical parameters, and b (x, y, z) is 
denote three-dimensional spatial root distribution of the potential root water uptake. Following 
Vrugt et al. (2001), px, py and pz are set to unity for z>z
*, x>x* and y>y*.
  
The actual uncompensated root water uptake, S (h) (Šimůnek and Hopmans, 2008) as 
follows; 
 (3.11) 
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Figure 3.2  Šimůnek et al. (2008) described the schematic of the potential water uptake distribution 
function in three-dimensional root zone domain. 
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So that the actual transpiration rate, Ta [LT
-1] is obtained by integrating equation (3.11) over the 
root domain, ΩR (Šimůnek and Hopmans, 2008);  
   (3.12) 
3.2.2. Root Water Uptake with Compensation 
A compensated root water uptake model is also implemented in HYDRUS by introducing a 
threshold value, referred to as the root adaptability factor, of a dimensionless water stress index, 
which is defined as the ratio of actual and potential transpiration rates (Šimůnek and Hopmans, 
2008). If the water stress index is above the root adaptability factor, reduced root water uptake in 
one part of the root zone is fully compensated for by root water uptake from other parts of the root 
zone where the water stress is smaller, so that the actual transpiration rate is equal to the potential 
transpiration rate. If the water stress index is below the root adaptability factor, reduced water 
uptake is only partially compensated. The ratio of actual to potential transpiration is then equal to 
the ratio of the water stress index to the root adaptability factor, which is less than unity. The ratio 
of actual and potential transpiration of uncompensated root water uptake is defined as;  
 (3.13) 
where ω is a dimensionless water stress index (Jarvis, 1989). Following this approach, HYDRUS 
implemented a critical value of the water stress index, ωc, which is referred to also as a root 
adaptability factor.   
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Figure 3.3 The ratio of actual to potential transpiration as a function of the stress index, ω (arrows 
point towards the corresponding axis; the left axis is for compensated uptake, while the right axis 
for uncompensated uptake) (Šimůnek and Hopmans, 2008). 
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The compensated actual transpiration rate, Tac, is defined as the ratio of Ta/ω. When the 
water stress range above the critical water stress index (i.e., ω>ωc), the ratio of the actual 
transpiration becomes: 
 (3.14) 
For the water stress range below the critical water stress index (i.e., ω<ωc), the compensated actual 
transpiration rate is defined as Tac=Ta/ωc, so that;  
 (3.15) 
where Sc is the compensated root water uptake [LT
-1]. For ωc= 1 and 0, the root water uptake is 
either uncompensated or fully compensated. The value of the critical water stress index, ωc for 
agricultural plants is relatively high. Thus their ability to compensate natural stresses is limited, as 
compared to natural plants, especially desert species. The plant deserts have low ωc and 
correspondingly high ability to compensate for natural stresses (i.e. only take up water and nutrients 
from those parts of the root system where they are most available) (Šimůnek and Hopmans, 2008).  
3.3. Modeling Approach of Solute Transport 
Soil water and nutrient distribution around the buried ring-shaped emitter were simulated 
using HYDRUS 2D/3D (Šimůnek et al., 2008; 2018). The HYDRUS can simulate three-
dimensional variably-saturated water flow and solute transport based on the Richards equation for 
water flow and the equilibrium advection-dispersion equation for solute transport. A sink term is 
included in these equations to account for water and nutrient uptake and the effects of water and 
osmotic stress (Feddes and Raats, 2004). In addition, the model allows the specification of root 
water and nutrient uptake, which affects the spatial distribution of water and soil water salinity 
between irrigation cycles. The solute transport was described using the general advection-dispersion 
equation given by:  
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      (3.16) 
where c is the concentration of the solute in liquid phase [ML-3], q is the Darcy-Buckingham water 
flux vector [LT-1], and D is the dispersion tensor [L2T-1], which was described using standard 
expressions (e.g., Bear, 1972) in terms of the longitudinal (ɛL) and transverse (ɛT) dispersivities [L]. 
The presented application assumes a single value for the longitudinal dispersivity (with the 
transverse dispersivity being one-tenth of the longitudinal dispresivity. ra represents the root 
nutrient uptake [ML-3T-1], which is the sum of actual (ɑ) passive (pa) and active (ɑa) root nutrient 
uptakes. The sink terms ra, pa and ɑa represent the mass of nutrient removed per unit time from a 
unit volume soil due to the total passive and active plant nutrient uptake, respectively. (Šimůnek 
and Hopmans, 2009).  
3.4. Root Nutrient Uptake  
The component ra in the presented model (Eq. 3.15) allows for both passive and active  root 
nutrient uptake. The passive uptake describes the mass flow and root uptake of nutrients dissolved 
in water taken up by plant roots. The passive nutrient uptake represents flow nutrients into roots 
associated with flow of water supplying the plant transpiration demand. Since transpiration flow is 
an active process, the mass nutrient flow is also a process that is actively regulated by plants 
Šimůnek and Hopmans, 2009).  
In HYDRUS, passive nutrient uptake is simulated by multiplying root water uptake either 
compensated or uncompensated with the dissolved nutrient concentration, for concentration values 
below a priori defined maximum concentration (cmax);  
pa(x,y,z,t) = s*(x,y,z,t) min [c(x,y,z,t), cmax]     (3.17) 
where c is the dissolved nutrient concentration [ML-3] and cmax is the maximum allowed solution 
concentration [ML-3] that can be taken up by plant roots during passive root water uptake. All 
nutrient dissolved in water is taken up by plant roots when cmax is large (larger than the dissolved 
concentration c), while no nutrient is taken up when cmax is equal to zero.  
The reduction of water uptake also can be caused due to salinity stress. Fig 3.4 illustates the 
reduction of water uptake due to salinity stress, which is proposed by Maas and Hoffman (1977). 
The response function can be written in terms of concentration, or electrical conductivity of either 
the soil water or the soil saturation extract, or osmotic pressure head (Maas, 1986; Maas and 
Grattan, 1999; Maas and Hoffman, 1977; van Genuchten and Hoffman, 1984).  
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In HYDRUS implements root water uptake for threshold model of Maas and Hoffman 
(1977), which describes reduction root water upake due to salinity stress as given by:  
𝛼(ℎ𝑜) = {
   1                            0 ≥ ℎ𝑜 ≥ ℎ𝑜𝑡
1 −
(ℎ𝑜𝑡−ℎ𝑜)
(ℎ𝑜𝑡−ℎ𝑜0)
          ℎ𝑜𝑡 > ℎ𝑜 ≥ ℎ𝑜0
0                             ℎ𝑜0  > ℎ𝑜   
} (3.18) 
where ho is the osmotic pressure head, hot is the threshold value of ho above which the yield at the 
osmotic pressure head equal to potential yield, and ho0 is the threshold value of ho below which the 
yield at the osmotic pressure equal to zero.   
3.5. The Application of HYDRUS in Various Irrigation Designs   
The HYDRUS numerical model has been tested by many researchers to assess its ability to 
simulate water movement from water source (e.g emitter) in various irrigation designs and 
management scenarios. Subbaiah (2013) reviewed the HYDRUS as a useful tool to evaluate 
irrigation design and management from several investigators such as Fares et al. (2001) used 
HYDRUS-2D to demonstrate the performance of drip irrigation in three different types of soil. The 
results highlighted that the water movement can be described as vertical and multidimensional in 
sandy soils and loam and clay soils. Skaggs et al. (2004) carried out an extensive analysis of 
multiple subsurface drip irrigation ﬁeld experiments, and successfully compared observed wetting 
patterns with HYDRUS-2D model predictions. Ajdary (2005) used HYDRUS-2D model to simulate 
water and nitrogen distribution in drip fertigation system. Provenzano (2007) assessed the accuracy 
of HYDRUS-2D by comparing simulation results and experimental observations of matric potential 
for subsurface drip irrigation system in a sandy loam soil with a 10-cm installation depth, and also 
Figure 3.4 Reduction coefficient for root water uptake, αrs, as a function of the electrical 
conductivity EC of the soil saturation extract (Maas and Hoffman, 1977) 
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found satisfactory agreement. Zhou et al. (2007) compared APRI and HYDRUS-2D models to 
simulate soil water dynamics in a vineyard under alternate partial root zone drip irrigation. Ajdary 
(2008) used HYDRUS-2D model to simulation of water distribution pattern under different types of 
soils. 
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Chapter 4. Experimental and Numerical Investigation 
Subsurface Water Flow under Ring-Shaped Emitter 
 
4.1. Introduction 
Subsurface irrigation systems are becoming increasingly popular to supply irrigation water, 
nutrients, and pesticides directly to the root zone efficiently. Increasing the efficiency of irrigation 
water use is a major concern for coping water scarcity in arid and semiarid regions. Subsurface 
irrigation with a ring-shaped emitter is one of subsurface irrigation methods that has been recently 
developed and introduced in some arid regions of Indonesia to cultivate annual and perennial crops 
(Saefuddin et al., 2014; Sumarsono et al., 2018).  A ring-shaped emitter made from a standard 
water hose is economically affordable for small-scale farmers in such rural areas. To make the 
original design ring-shaped emitter, a water hose is first bent into a ring-shaped with a diameter of 
about 20 cm. Five-5 mm holes are drilled into it at an even interval. The entire ring-shaped hose is 
then covered with a permeable textile so that water can infiltrate through permeable textile in all 
directions. Water is supplied from a water tank through a tube to the inlet of the emitter. Although, 
subsurface irrigation with the ring-shaped emitter was successfully practiced cultivating crops in 
Indonesia, the design and the operation of the entire system have been purely empirical.  
The dimensions spatial extent (or the volume) of wetted areas around emitter is crucial to 
obtain an optimum design of the emitter. The precise distribution of soil water content around a 
ring-shaped emitter must be known in order to properly manage subsurface irrigation with ring-
shaped emitter to wet the plant root zone uniformly, which will increase water use efficiency of 
water or fertilizer use, and to prevent water losses due to either evaporation in soil surface or deep 
percolation to groundwater. Moreover, hydraulic properties of soil are critical factors to determine 
the infiltration phase. Therefore, by applying high pressure head of water applications in subsurface 
irrigation with ring-shaped emitter requires knowledge of regulating the irrigation discharge rates 
that involve the quantity of water passing through the root zone based on soil hydraulic properties.      
Kandelous and Šimůnek (2010) compared three theoretical modeling approaches 
(numerical, analytical, and empirical) for calculating wetting patterns under the surface and 
subsurface irrigation drip irrigation that are important for optimal design. They concluded that 
numerical model using HYDRUS-2D (Šimůnek et al., 1999; 2008) provided good predictions of 
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soil water content distribution compared to other models. Recently HYDRUS numerical model 
(Šimůnek et al., 1999; 2006; 2008; 2016) has been widely used to simulate water movement under 
different irrigation designs and management scenarios. For example, Fares et al (2001) examined 
HYDRUS-2D to evaluate the performance of drip irrigation in three different soil types. The results 
highlighted the water movement more vertically in sandy soils, while the horizontal distance wetted 
volume was higher in clay soil. Performance of a drip system is better in clay soils than sandy soils. 
Whereas, Cote et al. (2003) investigated the wetting patterns under subsurface drip irrigation (SDI) 
without considering water uptake by plant roots. They used three different soil types including sand, 
silt and silt clay loam with four different irrigation fluxes. They found that subsurface drip irrigation 
can improve plant water availability in medium and low permeability fine-textured soil, providing 
that design and management were adapted to account for their soil hydraulic properties. In addition, 
in highly permeable soil coarse-textured soils, water and nutrients are moved quickly downwards 
from the emitter.  
Gärdenäs et al. (2005) studied the effect of soil hydraulic properties under subsurface 
irrigation considering root water uptake. They concluded that percolation was highest for coarse-
textured soils (sandy loam soil) and lowest for finer-textured soil (silt clay soil). Provenzano (2007) 
assessed the accuracy of HYDRUS-2D by comparing simulation results and experimental 
observations of matric potential for subsurface drip irrigation system in a sandy loam soil with a 10-
cm installation depth, and also found satisfactory agreement.  Siyal et al. (2009) used HYDRUS-2D 
to investigate the performance of pitcher irrigation system and found the close agreement between 
observed and simulated soil water content during subsurface water application through pitcher. 
While Nagazawa et al. (2008) examined HYDRUS-1D to investigate the performance of the buried 
porous bottle for subsurface irrigation by applying different water pressure head applications in 
quartz sand soil. They found the predicted of soil water contents generally fitted well with the 
observed data. In addition, the rate of deep percolation and evaporation from the soil surface can be 
reduced by applying the pressure head smaller than the air entry value of the soil. Overall, they 
concluded that HYDRUS 1D, and 2D/3D is an effective tool for investigating and designing 
irrigation management practices. 
 In order to provide of design and management for subsurface irrigation with ring-shaped 
emitter, the first step that should be taken into account is to investigate the wetting patterns and soil 
water content distributions around buried ring-shaped emitter by considering the soil hydraulic 
properties and the amount of water irrigation applications. Therefore, the aims of this work are to 
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(1) study the influence of soil hydraulic properties on soil water movement around buried ring-
shaped emitter, (2) calibrate and validate the capacity of the HYDRUS 2D/3D numerical model in 
assessing the water flow in soil under subsurface irrigation with original design ring-shaped emitter. 
To address these objectives, the laboratory experiments were first carried out to monitor changes in 
the soil moisture content at given positions during water applied with the buried original ring-
shaped emitter. While the emitter was developed to aid plant cultivation, the laboratory experiments 
were carried out without any plants in this work to avoid any difficulties associated with plant root 
water uptake. Two different water pressure head applications; 1 and 5 cmH2O are applied for two 
soil types, sand and silt. Therefore, there are 4 simulations were considered to express the 
infiltration processes. HYDRUS was then calibrated with the experimental soil water content data 
collected during the subsurface water application experiments with the original ring-shaped emitter. 
The calibrated model was next used to predict other experimental data for validation.  
4.2. Theory  
4.2.1. HYDRUS Numerical Model of Water Flow  
Unsaturated water flow through a porous medium is generally described using the Richards 
equation. The solution of this equation requires knowledge of soil hydraulic function, which is the 
retention curve, θ(h), and the hydraulic conductivity function, K(h). Because of the highly non-
linear water retention and hydraulic conductivity functions only can be solved using numerical 
approach. A numerical approach using HYDRUS 2D/3D (Šimůnek et al., 2008; 2016) enables 
simulate water, solute and heat movement in two-three dimensional variably saturated media under 
a wide range of complex and irregular boundary conditions and soil heterogeneities. The software 
uses a modified form of Richard equation, including a sink term for water uptake by plant roots to 
describe the water flow in isotropic variably saturated porous media, based on the mass 
conservative iterative schemes introduced by Celia et al. (1990). The governing flow equation (Eq 
3.1) within HYDRUS was solved numerically using Galerkin finite elements (Šimůnek et al., 1999; 
2006; 2008; 2016) in both two and three dimensions. This numerical scheme also allows a two-
dimensional version of the Richard equation to be solved for three-dimensional exhibiting radial 
symmetry about the vertical axis (such as for flow from a point source). Because such problems 
involve only two coordinates (i.e., a vertical axis z and a radial axis r), refer to these problems as 
axi-symmetrical two-dimensional problems.       
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  The two-dimensional module of the HYDRUS 2D/3D software package (Šimůnek et al., 
2016) was used to simulate water movement for the specific subsurface irrigation with original 
design ring-shaped emitter. In order to describe water flow in an entire laboratory infiltration 
experiment, it is sufficient to analyze the flow in the single volume element. Because of the original 
ring-shaped emitter used in the experiment was fully covered by the permeable textile, we assumed 
that water infiltrated thorough the textile in all directions. Therefore, the infiltration processes can 
be viewed as an axi-symmetrical three-dimensional flow with the radius r [L] and the depth z [L] as 
key variables. Three-dimensional axi-symmetrical flow in variably saturated, rigid, isotropic media 
can be described by the following modified form of Richard’s equation; 
    (4.1) 
where θ [L3L-3] is the volumetric soil water content, h[L] is the pressure head, t [T] is time, r [L] is 
the radial coordinate, z [L] is the vertical coordinate taken positive upwards, and K [LT-1] is the 
unsaturated hydraulic conductivity. The unsaturated hydraulic properties are described using van 
Genuchten-Mualem functional relationships (van Genuchten, 1980). The constitutive equations of 
van Genuchten-Mualem model is described in Chapter 2 (eq. 3.3 through eq. 3.5).  
4.2.2. Soil Hydraulic Properties 
In order to run the simulation of water flow using HYDRUS requires accuracy of soil 
hydraulic properties to describe the more realistic water flow condition in the field/laboratory 
experiments. HYDRUS-2D/3D numerical code (Šimůnek et al., 2006) enables to inversely estimate 
unsaturated soil hydraulic properties from the transient flow data. HYDRUS was used to inversely 
estimate soil hydraulic parameters from variably-saturated water flow data collected during the 
subsurface water application experiment with the original design ring-shaped emitter. The inverse 
method implemented in HYDRUS is based on the minimization of a given objective function, 
which expresses the discrepancy between observed and predicted values. The Levenberg-Marquardt 
optimization algorithm (Marquardt, 1963), in combination with the HYDRUS-2D/3D code was 
used to minimize the objective function. An inverse problem requires the same type of information 
as a forward problem. It also requires initial estimates of optimized parameters, potions of 
observation points and measured data with corresponding measurement times and weighing factors.  
In this study, the optimized soil hydraulic parameters were determined by systematically 
minimizing the difference between observed and simulated state variables (e.g. soil water content 
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and cumulative infiltration). The objective function O used in this study was defined as the sum of 
two components: 
         
2 2* *
,
1 1 1
, , , , , ,
j qn nm
j i j j i j i k c k c k
j i k
O v w t t w q t q t

 
  
           β θ q x x β β               (4.2)   
where j is the soil water content (SWC) at the sensor position x, and qc is the cumulative emitter 
discharge at the inlet of the buried ring-shaped emitter [L T-1]. The superscript * represents specific 
measurements at time ti for SMC and tk for the cumulative discharge. While m is the number of 
sensor locations, nj is the number of measurements at each sensor position. In this objective 
function,  , ,j jt x β  and  ,c kq t β are the corresponding model predictions for the vector of 
optimized soil hydraulic parameters, , and vj, wi,j, and wk are weights associated with a particular 
measurement.  During parameter estimation, the parameters of van Genuchten-Mualem model were 
optimized. 
4.3. Materials and Method 
4.3.1. Experimental Set-up 
The laboratory experiments were carried out using a container (50 cm in diameter at the top, 
40 cm in diameter at the bottom, and 55 cm in height) filled with air-dried soil (Fig. 4.1 and 4.2b). 
Two types of the soil, silt and sand, were used in the experiments. Soils were packed with a 5-cm 
increment at the predetermined bulk density of 1.41 g cm-3 and 1.52 g cm-3 for silt and sand, 
respectively.  A 10-cm thick gravel layer was installed at the bottom of the container. For each 
experiment, the original ring-shaped emitter was installed at a depth of 15 cm. The emitter was 
connected to a Mariotte tank (10 cm in diameter and 44 cm in height) to control the water pressure 
head applied at the inlet (referred to as the inlet pressure). In this study, a constant pressure head of 
either 1 cm or 5 cm was maintained at the inlet of the buried emitter for 10 hours to apply water 
through the emitter. During experiments, the volume of water in the Mariotte tank was recorded 
every 30 minutes to obtain the water discharge rate (i.e., water application rate).  
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(a) (b) 
Figure 4.2 Top view (a) and cross-section (b) of the soil container used in the laboratory 
experiments with a ring-shaped emitter. The black dots represent soil moisture sensors. 
Figure 4.1 A schematic laboratory experimental set-up of subsurface water flow where ring shaped- 
emitter was installed at a depth of 15 cm from the soil surface. 
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The ring-shaped emitter used in this study was made from a rubber water hose. The hose, 
which had a 1 cm inner diameter, was bent into a ring shape with a diameter of about 20 cm. There 
were 5 small holes with 0.5 cm in diameter drilled at even intervals on one side of the ring. The 
entire ring was covered with a permeable textile so that applied water could infiltrate in all 
directions into the soil. The original ring-shaped emitter is referred to as the 5F emitter in the 
remainder of this dissertation. The schematic of the ring-shaped emitter is depicted in Figure 4.3. 
When the ring-shaped emitter was installed in the soil, its 5 holes were all facing down to block any 
soil particles from entering the holes. 
There were 8 capacitance soil moisture sensors, EC5, a product of METER Environment, 
installed around the buried emitter to monitor changes in the soil water content. Figure 4.2a shows 
the position of the sensors in the container. Four sensors were installed at depths of 10, 20, 30, and 
40 cm directly above and below the emitter and four additional sensors were installed at the same 
depths in the center of the emitter. Since the ring-shaped emitter was installed at a depth of 15 cm, 
the four sensor installation depths were 5 cm above, and 5, 15, and 25 cm below the emitter, 
respectively. The soil moisture sensors were individually calibrated for the soils used in the 
experiments. 
Toyoura sand and DL-Clay were used in this study to represent as different soil hydraulic 
properties. In each soil type, three disturbed soil samples were used to determine soil hydraulic 
parameters including bulk density, saturated water content, and soil water retention curve.  The soil 
textures were classified as sand and silt, respectively. The average measured soil bulk density for 
both soil textures sand and silt was 1.52 g cm-3 and 1.41 g cm-3, respectively. As for saturated water 
content measurement, the soil cores were first saturated from the bottom and then submerged in 
water for 24 h. After weighing, the saturated soil samples were dried at 105 °C to constant mass, 
and their mass-based saturated soil water content was determined. θs values were determined by 
Figure 4.3 Schematic of the original ring-shaped emitter, which is fully covered with a 
permeable textile used in the laboratory experiment. 
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multiplying saturated mass-based soil water content with Bulk density. The average saturated water 
content was 0.430 cm3 cm-3 and 0.468 cm3 cm3 for sand and silt, respectively. In addition, the soil 
water retention curve, θ (h), was determined in the laboratory using a pressure plate apparatus for 
suctions of 0 to 1033 cm. The saturated hydraulic conductivity value, Ks of 29.7 cm h-1 and 0.35 cm 
h-1 for sand and silt, which is provided in the Soil Catalog by ROSETTA were used as initial 
parameters, completing the hydraulic conductivity function, K (h), the parameters of the van 
Genuchten-Mualem equations (eq. 3.3, 3.4 and eq. 3.5) were fitted using simultaneously retention 
and conductivity data determined by the RETC program (van Genuchten et al., 1991). The van 
Genuchten-Mualem parameters were used as initial input parameters for optimizing soil hydraulic 
properties using the inverse solution.  
4.3.2. Numerical Simulation of Soil Water Distribution using HYDRUS Three-Dimensional Axi-
Symmetrical Flow Domain 
Modeling of water flow was carried out for all laboratory experimental scenarios, including 
subsurface water application with 1 cm and 5 cm pressure head for each soil type, sand and silt, 
resulted a total of 4 simulations was considered. The HYDRUS-2D/3D software package was used 
to simulate the transient axi-symmetrical (or radially symmetrical) three-dimensional movement of 
water in the soil. In this approach, we assumed water infiltrate in all directions of ring-shaped 
emitter through permeable textile since ring-shaped emitter was fully covered with permeable 
textile. Therefore, the system could be modeled as an axi-symmetrical three-dimensional domain. 
The domain geometry used in the axi-symmetrical three-dimensional model is shown in Fig. 4. 4. 
Similar axi-symmetric modeling approaches have been used in many other studies with a 
subsurface point water source (Cote et al., 2003; Gärdenäs et al., 2005; Provenzano, 2007; 
Kandelous and Šimůnek, 2010a; Kandelous et al., 2011; Naglic et al., 2014). The simulated for 
water movement only consider in right side of the vertical cross section in half soil profile domain, 
55 cm height, 20 cm in wide (bottom) and 25 cm wide (top). A circle with a 1-cm diameter located 
at a 15-cm depth in the domain represents the cross-section of the buried ring-shaped emitter (Fig. 
4.4). The entire flow domain was discretized into 661 nodes and 1,246 triangular finite elements, 
with their sizes gradually increasing up to 2.5 cm away from the emitter. Mesh refinement of 1 cm 
size was done at along the perimeter of the emitter. The finite element mesh was generated using an 
automatic triangulation algorithm that is implemented in HYDRUS.  
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Changes in the soil water content through time were simulated at 8 observation nodes that 
corresponded with the positions of the soil moisture sensors installed as shown by red dots in Figure 
3.4. The initial water content value (θin) was set uniform across the flow domain. The observed 
average initial water content (θin) was assigned to the entire flow domain as the initial water 
content. The average initial water contents were 0.044 cm3 cm-3 and 0.046 cm3 cm-3 for silt and 
sand, respectively. No flow boundary conditions were considered along the two vertical sides and 
bottom of the transport domain, while an atmospheric boundary condition was set at the top edge of 
the flow domain. A constant pressure head equal to pressure head that imposed during the 
laboratory experiment (e.g 1 and 5 cmH2O) as a variable head boundary condition along the 
circumference of emitter was assumed during the irrigation time (10 hours) and no flux in fallow 
time when irrigation was stopped (after 10 hours), allowing redistribution flow. This boundary 
condition applies a specified pressure head to the lowest nodal point of the emitter and adjusts 
pressure heads in the other nodal points based on the vertical coordinates. The simulation was run 
for 24 hours for each simulation scenario. The initial soil hydraulic properties for the van 
Genuchten-Mualem function are listed in the following table: 
Figure 4.4 An axisymmetric three-dimensional simulation domain used in the numerical analysis of 
water flow from a buried ring-shaped emitter. Eight red dots in the domain depict the positions of 
moisture sensors. 
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Table 4.1 Soil hydraulic parameters for van Genuchten-Mualem function (van Genuchten, 1980) 
and bulk density for different soil types as initial input parameters for calibration model. 
Soil 
texture 
θr (cm
3cm-3) θs (cm
3cm-3) α (cm-1) n (-) Ks (cm h-1) l (-) Bulk density (g 
cm-3) 
Silt 0.034 0.400 0.249 2.992 0.35 0.5 1.52 
Sand 0.045 0.430 0.012 2.421 29.7 0.5 1.41 
4.3.3. Statistical Analysis 
The performance of the model was evaluated by comparing observed (O) and HYDRUS-
2D/3D simulated (S) of soil water content distribution at given locations using various quantitative 
measures of the uncertainty. In this study, three different statistical indexes were used such as, the 
root mean square error (RMSE), the mean absolute error (MAE) and the mean error (ME). They 
indicate the differences between observations and predictions. The mathematical equations of the 
mentioned statistics are as follows;  
   (4.3) 
    (4.4) 
    (4.5) 
where Oi and Si are the observed and simulated values; and n is the number of measurements. The 
RMSE measures estimation of absolute errors, whereas the ME shows the overestimation or 
underestimation of the model. The obtained RMSE and ME close to zero indicate better 
performance of the model. In general, RMSE ≥MAE, the degree in which the RMSE value exceeds 
MAE is usually a good indicator of the presence and extent of outliers or the variance of the 
difference between the observed and the modeled values.  
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4.4. Results and Discussions 
4.4.1. The Effect of Soil Properties on Distribution of Soil Water Dynamics 
The simulations of water movement were carried out for two soils with contrasting physical 
properties; a highly permeable coarse-textured sand and a medium permeability fine-textured silt. 
The figure 4.6 shows the water retention and the hydraulic conductivity function for silt and sand. 
These hydraulic properties illustrate the effect of different soil properties can have on water 
infiltration movement in subsurface irrigation with ring-shaped emitter. 
  Numerical simulations of soil water content distributions in silt and sand under different 
applied pressure head irrigations are given in Figure 4.5 and Figure 4.7. Figure 4.5 displays 
simulated the wetted areas around the buried emitter in the axisymmetrical three-dimensional flow 
domain after 1, 5, 10, 15, 20, and 24 hours using the optimized soil hydraulic parameters listed in 
Table 4.2. Whereas Figure 3.7 depicts the comparison of observed and simulated soil water contents 
at 8 locations. Open triangles in Fig. 4.7 represent the observed (SWCs) at the center of the buried 
ring-shaped emitter in four depths (i.e., 10 cm, 20 cm, 30 cm, and 40 cm), whereas open circles 
show SWCs directly below and above the buried ring-shaped emitter in the same four depths. 
For silt soil, the wetted areas expanded radially with time during the water application (i.e., 
during the first 10 hours). After allowing redistribution process, the wetted area has reached nearly 
the soil surface when applied higher irrigation water pressured at the inlet emitter. These results also 
can be described in Figure 4.7ab.  SWCs 5 cm directly below and above the buried ring-shaped 
emitter (i.e., 10 and 20 cm depths) increased a few hours after the beginning of the water 
application for both inlet pressure heads. This indicates that water infiltrated radially in all 
directions around the buried emitter regardless of the inlet pressure head applied. An initially steep 
increase in SWCs became more gradual after a few hours, before finally reaching their maximum 
values after about 10 hours at the time when the application of water stopped. An increase in SWCs 
5 cm directly below the emitter increased faster than SWCs observed at 5 cm directly above the 
emitter regardless of the inlet pressure applied because the gravitation enhanced the flow in the 
downward direction. During the redistribution process, SWCs gradually decreased at both locations.  
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(a) 
(b) 
(c) 
(d) 
Figure 4.5 The spatial extent of simulated soil water content distribution around buried ring-shaped 
emitter, (a) silt with the 1-cm inlet pressure head, (b) sand with the 1-cm inlet pressure head, (c) silt 
with the 5-cm inlet pressure head, and (d) sand with the 5-cm inlet pressure head. 
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Figure 4.6 Soil water retention curves (left) and unsaturated hydraulic conductivity functions (right) 
for silt and sand described using the van Genuchten-Mualem model with optimized parameters. 
Figure 4.7 Soil water contents (SWCs) measured by 8 moisture sensors positioned in 4 depths (10, 
20, 30, and 40 cm from the soil surface) during the subsurface water application experiments in silt 
(a and b) and sand (c and d). Open circles depict SWCs observed at positions directly above (i.e., 5 
cm above) and below (i.e., 5,15, 25 cm below) the emitter (installed at a 15-cm depth), whreas open 
triangles show SWCs observed at the corresponding depths in the center of the container. Two 
different inlet pressure heads (i.e., 1 cm (a nd c) and 5 cm (b and d)) were applied during 
experiments. Lines depict corresponding SWCs simulated using HYDRUS. While HYDRUS was 
calibrated using data collected with 1-cm inlet pressure head (a and c), it was validated using the 
data observed with the inlet 5-cm inlet pressure head (b and c). 
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Table 4.2 The van-Genuchten-Mualem model parameters optimized for silt and sand. Both 
saturated and residual water contents are marked with * as they were not optimized during the 
inverse modeling. 
Soil texture θr *(cm
3cm-3) θs *(cm
3cm-3) α (cm-1) n (-) Ks (cm h-1) l (-) 
Silt 0.034 0.400 
0.041 1.734 0.215 0.50 
Sand 0.045 0.430 
0.137 2.421 0.38 4.09 
 
On the other hand, SWCs in the same depths (5 cm above and below the buried emitter) at 
the center of the buried emitter started increasing much later due to the lateral distance from the 
emitter (i.e., the water source). As expected, SWCs 5 cm below the emitter increased much faster 
than those 5 cm above the emitter. When the inlet pressure head was 1 cm, SWCs at the center kept 
increasing but never reached the same peaks as above and below the emitter at both depths. SWCs 
at other depths (i.e., 30 and 40 cm below the surface) never increased during the experiment. 
The main difference between silt and sand was that observed SWCs did not increase 5 cm 
above the buried emitter (dark blue symbols in Figs. 4.7cd for the depth of 10 cm) in the sand. 
Additionally, when the applied inlet pressure head was 5 cm, increases in SWCs 5 cm and 15 cm 
below the buried emitter (i.e., in depths of 20 and 30 cm) were especially large. These results 
indicate that downward water movement was dominant in the sand profile while water moved more 
radially, including lateral and upward directions, from the emitter in the silt profile. This difference 
can be attributed to different macroscopic capillary lengths, λc, given below, of these two soils 
(Radcliffe and Šimůnek, 2010).  
 
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h
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K h dh
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     (4.6) 
The macroscopic capillary lengthc can be interpreted as the measure of the effects of 
capillarity as opposed to gravity. The macroscopic capillary length was 7.56 cm and 5.27 cm for silt 
and sand, respectively, when integrating from hi = 0 cm to h0 = -200 cm. Since sand typically has a 
much lower macroscopic capillary length than other soils, water flowing from a source will move 
much less laterally or upward than downward. The results corroborate the study of Cote et al. 
(2003) which found that the macroscopic capillary length in sand was about 3.6 cm smaller than in 
silt soil, which was 8.3 cm.  
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Philip (1968) stated the macroscopic capillary length can be used to quantify the influence 
of soil on water infiltration process in the soil. The macroscopic capillary length scale, λc is a 
measure of the relative importance of gravity and capillarity for water movement in soil. Slowly 
permeable fine-textured soils, where capillarity force tends to dominate, have large λc values. While 
highly permeable coarse-textured soils, where gravity effects manifest more readily, have small λc 
(Philip, 1968). 
   The numerical analyses show that in highly permeable coarse-textured soil such as sand 
used in this study, water drains easily and quickly from the root zone because gravity dominates in 
infiltration process. This can exacerbate off-site impacts, such as increased recharge or pollution of 
groundwater systems. On the other hand, in slowly permeable fine-textured materials such as silt 
soil, water is held within the root zones and as such would normally be readily available for plant 
roots to uptake water. In addition, This study clarified that HYDRUS is indeed a useful tool for 
analyzing soil water dynamics during the water application with the buried ring-shaped emitter (i.e., 
subsurface irrigation), as also indicated by a number of other subsurface drip irrigation studies 
(Bufon et al., 2012; Lazarovitch et al., 2007; Kandelous et al., 2012; El-Nesr et al., 2014; 
Ghazouani et al., 2015). 
4.4.2. Cumulative Infiltration 
The cumulative discharge increased almost linearly for both soils when the applied inlet 
pressure head was 1 cm (Fig. 4.8ac). There was no obvious difference in the cumulative discharge 
between silt and sand. When the inlet pressure increased to 5 cm, while the cumulative discharges 
for both soils increased almost linearly with time, the cumulative discharge after 10 hours of water 
application in sand was much larger than in silt.  
For each soil, when the water pressure head was applied higher at the inlet emitter (i.e. 5 
cm) resulted the wetted area (i.e., the wet volume) much larger in the soil profile compared to when 
applied lower inlet pressure head. For silt, SWCs at 5 cm directly below and above the buried ring-
shaped emitter (i.e., 10 and 20 cm depths) (Fig. 4.7c) increased earlier and faster when the inlet 
pressure head of 5 cm was applied compared to those with the 1 cm inlet pressure head. 
4.4.3. Model Calibration and Validation 
The inverse approach was used to optimize the parameters (α, n, Ks and l) and to calibrate 
the HYDRUS 2D/3D model (Hopmans et al., 2002; Lazarovitch et al., 2007). The soil water content 
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measured at 8 locations of 1-cm inlet pressure head water application was used to calibrate the van 
Genuchten-Mualem parameters (Tabel 4.1) using the Levenberg-Marquardt nonlinear minimization 
functions (Eq.4.2). The data collected during the experiments performed with the 5-cm inlet 
pressure head was then used to validate HYDRUS with calibrated parameters. The calibrated 
parameters are summarized in Table 4.2, while Table 4.3 summarizes statistics of discrepancies 
between observations and simulations. 
 
 
 
 
 
 
 
 
 
 
Figure 4.8 Observed (dots) and simulated (line) cumulative irrigations for silt (a and b) and sand (c 
and d) for the applied inlet pressure heads of 1 cm (a and c) and 5 cm (b and d). The data collected 
using the 1-cm inlet pressure head were used for model calibration, the data collected using 5-cm 
inlet pressure head were used for model validation.  
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Table 4.3 Summary statistics between simulated and observed soil water contents (SWC) at 8 
locations where the soil moisture sensors were installed. RMSE, ME, MAE, respectively, are root 
mean square error, mean error, and mean absolute error computed between simulated and observed 
SWC. 
Soil 
Inlet pressure head 
(cm H2O) 
RMSE  
(cm3 cm-3) 
ME 
(cm3 cm-3) 
MAE 
(cm3 cm-3) 
Silt 
1 (Calibration) 0.019 -0.057 0.011 
5 (Validation) 0.026 0.038 0.015 
Sand 
1 (Calibration) 0.015 -0.002 0.009 
5 (Validation) 0.061 -0.016 0.032 
 
Figure 4.7ac shows a comparison between simulated and observed soil water content in 
calibration phase, while 4.7bd shows the comparison between simulated and observed soil water 
content in validation phase. Figure 4.8 shows both observed and predicted cumulative irrigation 
discharges during water application for different soil types in both calibration (4.8ac) and validation 
(4.8bd) phases. The RMSE values of the model in the simulation process of soil water content 
varied in the range 0.019 to 0.061 cm3 cm-3 for different soil types and inlet pressure head 
applications during calibration and validation phases (Table 4.3). Ajdary et al. (2007); Kandelous 
and Simunek (2010) and Ramos et al. (2012) reported that the RMSE value in their soil water 
content simulation varied in the range of 0.015-0.017, 0.011-0.045, 0.028-0.033 cm3 cm-3 
respectively. The low values of ME and MAE describe the good performance of the model (Table 
4.3). It can be concluded that the error of simulation is low enough and therefore the performance of 
the model is acceptable. For both soils, fitted values of SWCs and cumulative discharges agreed 
reasonably well with observed values.  
For silt, both SWCs and cumulative discharges were predicted well using the optimized 
parameters. For sand, however, predicted SWCs did not agree well with observed ones, especially 
15 cm directly below (i.e., in the depth of 30 cm) where SWCs were overestimated and 5 cm 
directly above (i.e., in the depth of 10 cm) where SWCs were underestimated. This indicates that 
more downward water flow occurred during the experiment than predicted by the HYDRUS 
simulation. When the applied inlet pressure head was 5 cm, the preferential-type flow may have 
occurred underneath the drilled holes of the emitter that enhanced downward water movement. This 
type of flow clearly creates a non-uniform asymmetrical wetted volume around the buried emitter, 
which may not be an ideal situation for plant roots to uptake water. Sand is known to be susceptible 
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to preferential flow or finger-type flow when it is initially dry. In places where preferential flow 
paths are formed, the soil becomes strongly wettable, increasing its ability to conduct water 
downward through these pathways (Dekker et al., 1994). It may, therefore, not be a good idea to 
apply a high inlet pressure when a ring-shaped emitter is installed in an initially dry sandy soil 
profile.  
4.5. Summary 
In this study, laboratory experiments were first performed to investigate the soil water 
content distributions around a buried ring-shaped emitter during the subsurface water application. 
The ring-shaped emitter used in this study was made from a rubber hose, which was bent into a ring 
shape with a diameter of about 20 cm. There were five holes drilled at even intervals as dripping 
points. The entire ring was then covered by a permeable textile so that applied water could infiltrate 
in all directions through the textile. Such a low-cost subsurface irrigation system can generate 
benefits for small-scale farmers who have scarce water resources. The experiments were carried out 
using a container that was filled with either silt or sand. The ring-shaped emitter was installed at a 
depth of 15 cm. Water was distributed through the inlet of the emitter by applying a constant 
pressure head of either 1 cm or 5 cm. Changes in the soil water content were monitored using 8 soil 
moisture sensors installed at 4 different depths: 10, 20, 30, and 40 cm below the surface (i.e., 5 cm 
above, and 5, 15, and 25 cm below the emitter). Four sensors were installed in the center of the 
emitter, and four sensors were installed directly above and below the emitter. Results showed that 
water moved radially around the emitter in silt, while downward water movement was dominant in 
sand. The difference in the flow pattern can be attributed to the difference in the macroscopic 
capillary length of the soil, which can be interpreted as a measure of the contribution of capillarity 
as opposed to gravity’s effect on unsaturated water movement. 
HYDRUS, a model simulating variably-saturated water flow in porous media, was then used 
to analyze soil water dynamics around the buried emitter during the subsurface water application. 
HYDRUS was first calibrated using the data observed during the subsurface water application 
experiment with the 1-cm inlet pressure head. The calibrated soil hydraulic parameters were then 
used to simulate soil water dynamics around the buried emitter during the experiments with the 5-
cm inlet pressure head. Changes in the soil water contents observed by 8 sensors at different 
locations were predicted well using HYDRUS with parameters optimized for silt. For sand, SWCs 
above the buried emitter were overestimated, and those directly below the emitter were 
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underestimated. This indicates that downward water movement was predominant, suggesting the 
occurrence of preferential flow. It should be emphasized here that numerical model HYDRUS 
2D/3D can capture reasonably how ring-shaped emitter with the original design for subsurface 
irrigation works. By analyzing the outputs of this model, design of ring-shaped emitter and 
management strategies can be improved to increase the efficiency of irrigation water use.    
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Chapter 5.  Numerical Evaluation of Ring-Shaped Emitter 
Designs for Subsurface Irrigation 
 
5.1. Introduction 
The current design of the ring-shaped emitter does not allow one to easily detect 
malfunctions because the emitter is fully covered with a permeable textile. As a result, it is not easy 
to detect any malfunctions and to repair such malfunctions quickly. In addition, for faster promotion 
of the technology, it is important to have a design that is easy to maintain. It has not yet been 
evaluated whether the number of holes can be reduced and/or whether it is possible to cover 
emitters only partially with a permeable textile. Because the number of experiments that can be 
carried out is usually limited, numerical simulations can be used instead to evaluate the 
performance of ring-shaped emitters of various designs and under different soils. Using numerical 
simulations, a design that is more robust may be propsed.  
Kandelous et al. (2011) used HYDRUS software packages to analyze the soil water content 
distribution between two neighboring buried emitters. Three geometry approaches were used in 
their analysis, in which the emitters were represented as 1) point sources in an axisymmterical two-
dimensional domain, 2) a line source in a planar two-dimensional and 3) a point source in a full 
three-dimensional domain. They found that only a full three-dimensional model was able to 
describe the complex soil water dynamics at all stages of the infiltration processes and to provide 
accurate simulations of the water content distribution around the buried emitter with multiple 
drippers.  
In this chapter, an alternative design of the ring-shaped emitter was proposed by reducing 
the number of holes and changing the covering method. The effect of changing the emitter design 
was evaluated numerically using HYDRUS in a fully three-dimensional spatial domain. 
Uncompensated and compensated root water uptake models were computed as an indirect 
quantitative proxy for evaluating the three-dimensional wetted volume around the buried emitter. 
When water around the emitter is not uniformly distributed, the uniformly distributed roots around 
the buried emitter may not be able to uptake water at an optimum rate because some parts of the 
root system are under stress. The root water uptake rate, therefore, can be used as an indirect 
indicator of how buried ring-shaped emitters of different designs performed compared to the 
original ring-shaped emitter.  
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5.2. Materials and Methods 
The main objective of this chapter was to numerically investigate the effect of changing 
ring-shaped emitter designs, especially the number and locations of holes and the permeable textile 
covering method, on the spatial extent of the wet volume around the buried emitter. In addition to 
the original ring-shaped emitter with five drilled holes fully covered by the permeable textile, ring-
shaped emitters with a reduced number of holes and only partially covered by the textile were 
considered. Modified emitters with 2, 3, 4, and 5 holes, referred to as 2P, 3P, 4P, and 5P emitters, 
respectively, were considered in this study. The original ring-shaped emitter is referred to as 5F. 
Figure 5.1 shows a top view of the five different ring-shaped emitters considered in this study. The 
grey sections of the ring represent the locations covered with the textile (i.e., permeable sections), 
while the white sections represent the ring without the textile (i.e., impermeable sections). The 
partially covered emitters were designed to increase the ease of inspection and maintenance.  
 
 Figure 5.1 Schematics (top views) of different ring-shaped emitter designs. Black sections depict 
locations of holes covered with permeable textile and white sections depict rubber hoses without 
cover (i.e., impermeable parts). 
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5.2.1. Model Simulation of Soil Water Flow using HYDRUS Full Three-Dimensional Flow 
Domain 
The numerical simulations were carried out in a full three-dimensional domain (Figure 5.2a) 
so that the asymmetry in the hole configurations of the emitter could be modeled without any 
simplifications. Three-dimensional (3D) water movement simulation would be more adequate and 
realistic taking into account the uneven distribution of soil water dynamics in the root zone in many 
irrigation designs (Sansoulet et al., 2008; Kandelous et al., 2011; Simiunesei et al., 2016). The 
simulation domain was 55 cm in depth and 50 cm in diameter (Figure 5.2a). The ring-shaped 
emitter was placed at a depth of 15 cm, similarly as during the experiment (Chapter 4). The three-
dimensional simulation domain was discretized into 41,016 triangular prismatic elements with finer 
elements around the emitter (with sizes of 1 cm) and gradually increasing element sizes farther from 
the emitter (up to 2.5 cm).  
(a) (b) 
50 cm 
55
 c
m
 
Figure 5.2 (a) A spatial discretization of a full three-dimensional simulation domain, (b) the 
boundary conditions were used in the numerical analysis of water flow from the buried ring-shaped 
emitter. 
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The comparison of wetted volumes around the buried ring-shaped emitters of different 
designs is not straightforward in the case of three-dimensional simulations. Calculated water 
contents at particular locations cannot provide sufficient information on the spatial extent of the 
wetted volumes. In this study, the effect of different emitter designs on the spatial extent of the 
wetted volume was assessed using the soil water stress a plant would have been exposed to. 
Assuming that the plant roots are distributed symmetrically around the buried ring-shaped emitter, a 
non-uniformity in the spatial extent of the wetted volume may cause stress to the plant roots. For 
example, when some parts of the soil are too dry, the plant roots in these regions cannot uptake 
water at an optimum rate. The uncompensated root water uptake model was first used to indirectly 
assess the non-uniformity of the spatial extent of the wetted volume around the buried emitter. The 
compensated root water uptake model with critical water stress index (ωc = 0.25) was then used to 
assess whether such non-uniformity would affect actual plant root water uptake. The simulations 
were carried out for two soil textures: silt and sand. The soil hydraulic parameters inversely 
estimated as described in Table 4.2 (Chapter 4) were used in water flow analysis.  
5.2.2. Initial and Boundary Condition 
The initial soil water content was estimated based on measurement of soil sensor value from 
the subsurface water flow experiment (Chapter 4). The initial water content value (θin) was set 
uniform across the flow domain. The observed average initial water content (θin) was assigned to 
the entire flow domain as the initial water content. The average initial water contents were 0.044 
cm3 cm-3 and 0.046 cm3 cm-3 for silt and sand, respectively.  
No flux boundary condition was set at vertical side and bottom of the flow domain (Figure 
5.2b). The soil surface (upper domain) was subject to atmospheric boundary condition. The 
potential evapotranspiration was used to represent the atmospheric boundary condition. A typical 
potential evapotranspiration (Tp) rate of 6 mm d
-1 (Shani et al., 2007), which corresponds to 720 
cm3 of water per day, was used in the analysis. The time-variable flux/head boundary condition was 
specified in the nodes representing the ring with the textile (blue dark parts in Fig. 5.2b). The inlet 
pressure head was kept constant at 1 cm during the water application in all the simulations 
following the experimental setup (Chapter 4). The graphical description of the boundary conditions 
adapted to three-dimensional flow in the model is shown in Figure 5.2b.  
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5.2.3. Root Distribution  
Two model plants, tomato and strawberry, were considered in this study because of their 
contrasting spatial root distributions. It has to be mentioned that both crops are known for their high 
profitability as it is important to investigate the effectiveness of subsurface irrigation with the ring-
shaped emitter for highly profitable crops. Fig.5.3 shows the spatial root distribution based on the 
Vrugt’s model for both tomato and strawberry. The spatial root distribution was considered constant 
with time during the simulations (i.e., the root growth was neglected). While Table 5.1 summarizes 
the spatial root distribution parameters for tomato and strawberry, Table 4.2 lists the corresponding 
parameters of the stress response functions. 
 
 
 
 
 
 
(a) (b) 
Figure 5.3 Spatial root distributions based on the Vrugt’s model (Vrugt et al., 2001) for a) tomato 
and b) strawberry in a three-dimensional simulation domain. Different colors depict different root 
densities. 
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Table 5.1 Parameters describing the spatial root distribution of two model plants (tomato and 
strawberry) using the Vrugt model (Vrugt et al., 2001). 
Parameters Tomato Strawberry 
Maximum rooting depth, Zm (cm) 40 30.5 
Depth with maximum root density, z* (cm) 25 5 
Maximum rooting radius, Xm (cm) 20 20 
Radius of Maximum intensity, x* (cm) 0 0 
Maximum rooting radius, Ym (cm) 20 20 
Radius of maximum intensity, y* (cm) 0 0 
Non-symmetry coefficient, Pz, Px, and Py  1, 1, 1 1, 1, 1 
Surface area associated with transpiration 
(cm²) 1200 1200 
 
Table 5.2 The modified parameters for the stress response function of Feddes et al. (1978) for 
tomato and strawberry. 
Threshold parameters Value 
Tomato   
      h
1
 (cm) -10 
      h
2
 (cm) -20 
      h
3
 (cm) -100 
      h
4
 (cm) -150 
Strawberry   
      h
1
 (cm) -10 
      h
2
 (cm) -20 
      h
3
 (cm) -150 
      h
4
 (cm) -200 
 
5.2.4. Simulation Scenarios 
In this numerical analysis, the simulations were conducted firstly with short term simulation 
for 24 hours (i.e., 1 day) with two soil types, silt and sand, whereas in the second scenario, the 
simulations were run by considering 7 irrigation cycles. For the short-term simulation, water 
application was stopped when the predefined amount of water was injected. In this simulation, 720 
cm3 of water was applied daily to meet plant water requirement. The effect of the emitter design 
was assessed by simulating changes in the soil water content. 
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In practice, it is important to know the effect of preceding irrigations on the soil water 
dynamics during subsurface irrigation with the ring-shaped emitter. The simulations were thus also 
carried out for 504 hours (i.e., 21 days), during which water was applied 7 times (i.e., 7 irrigation 
cycles). In this numerical analysis, water was applied every three days (i.e., at 0, 72, 144, 216, 288, 
350, 412, and 484 hours from the start of simulation). The amount of water applied during each 
irrigation cycle matched the cumulative potential transpiration of the model plants over 3 days. The 
inlet pressure head was again kept constant at 1 cm during the water application.  
5.3. Results and Discussions 
5.3.1. The Effect of Ring-Shaped Emitter Designs on Spatial Extent of Wetted Volume  
Figure 5.4 shows simulated cumulative discharges as a function of the elapsed time for 
different emitter designs computed over 24 hours for initially dry silt and sand when 720 cm3 of 
water was applied. For both soils, as expected, the duration needed to reach the same infiltration 
amount depended strongly on the number of holes. As the number of holes decreased, the duration 
increased. Although these simulation results show almost constant discharge rates regardless of the 
emitter design, it has to be mentioned that the emitter discharge rate during subsurface irrigation 
cannot be kept constant in practice unless a compensated emitter is used. 
 
 Figure 5.4 Cumulative irrigation discharge computed for different ring-shaped emitters using 
HYDRUS with the optimized soil hydraulic parameters for silt (a) and sand (b) under tomato 
cultivation. 
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Figure 5.5 Uncompensated (a and b) and compensated (c and d) cumulative root water uptake 
computed for the buried ring-shaped emitters of different designs using HYDRUS with the 
optimized soil hydraulic parameters for both silt (a and c) and sand (b and d) in tomato. 
Figure 5.6 Uncompensated (a and b) and compensated (c and d) cumulative root water uptake 
computed for the buried ring-shaped emitters of different designs using HYDRUS with the 
optimized soil hydraulic parameters for both silt (a and c) and sand (b and d) in strawberry. 
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Figure 5.5 and 5.6 show simulated uncompensated (top) and compensated (bottom) 
cumulative root water uptake (RWU) of tomato and strawberry over 24 hours in the silt (left) and 
sand (right) profiles for different ring-shaped emitters. Uncompensated RWU was used as an 
indirect, quantitative proxy measure of the non-uniformity in the wetted volume around the buried 
emitter. Compensated RWU was then computed to investigate whether such non-uniformity has any 
effect on actual plant RWU. The cumulative root water uptake was larger for shallow plant root 
system (strawberry) than of tomato. This was because the maximum root density located within the 
top 25 cm of the soil profile for strawberry.  
Although uncompensated cumulative RWU in silt increased more slowly when the number 
of holes was reduced, cumulative uncompensated RWU was almost the same at the end of the 
simulation for all emitter designs (Fig. 5.5a and 5.6a). Even though the wet volume expanded more 
slowly with the smaller discharge rate in silt when the number of holes was smaller, uncompensated 
RWU eventually caught up with those for more holes as the wet volume evolved radially in all 
directions. As for sand, the initial trend is basically the same as for silt; the higher the number of 
holes, the higher uncompensated RWU. However, uncompensated RWU computed for the 3P or 2P 
emitters in sand, unlike in silt, could not catch up with those for 5F, 5P, or 4P after the water 
application was stopped. It was also observed that the 5F emitter had slightly smaller cumulative 
RWU after 24 hours compared to emitters that were partially covered (i.e., 5P and 4P). When the 
ring-shaped emitter with only a small number of holes is used in the sand profile, applied water 
Figure 5.7 Water use efficiency (WUE) computed for emitters of different designs during 24-hour 
simulation under tomato (a) and strawberry (b) using compensated and uncompensated root water 
uptake models in HYDRUS. 
 54 
 
tends to move downward rather than radially around the emitter, as predicted numerically in the 
axisymmetrical three-dimensional domain for sand (Fig. 4.5bd).  
Cumulative RWU increased significantly in both soils when the compensated RWU model 
was used (Fig. 5.5cd and 5.6cd). For silt, while compensated RWU with a smaller number of holes 
was much smaller than that for the emitter with more holes at earlier time, they were almost the 
same at the end of simulation for the model plant of tomato. While for strawberry, the cumulative 
compensated root water uptake kept increasing from the emitter which had fewer holes (i.e emitter 
2P) for silt soil (Fig. 5.6c). This can be also seen in the computed WUE for compensated RWU for 
silt for both model plants (Fig. 5.7). As water was discharged slowly from the emitter with fewer 
holes, RWU slowly increased. This implies that reducing the number of holes does not affect the 
amount of water available for plant root uptake over 24 hours in silt. When the compensated RWU 
model was used for sand, the general trend was the same as for the uncompensated RWU model, 
except that cumulative compensated RWU was much larger.  
The effect of emitter designs on water use efficiency for both types of soil, silt and sand 
under tomato and strawberry cultivation is summarized in Figure 5.7. In this study, the percentage 
of water transpired by plants to the total irrigation water was used for water use efficiency (WUE). 
In other words, WUE can be computed as the ratio of cumulative RWU to cumulative irrigation at 
24 hours. WUE for both compensated and uncompensated RWU were computed. For silt, even 
though the number of holes decreased, WUE for the uncompensated RWU stayed almost constant 
for both plants. WUE increased for the compensated RWU as the number of holes decreased. On 
the other hand, for sand, WUE is at its peak when the ring covering method was changed from full 
cover to partially cover with 5 drilled holes (i.e., emitter 5P). The difference between silt and sand 
again can be attributed the difference in macroscopic capillary length of the soil as described in 
previous chapter (i.e., Section 4.4.1). As for silt soil, which has a higher capillary length allows 
plant roots to uptake water slowly in the zone of maximum root density where water moves radially 
from the emitter with fewer holes.     
5.3.2. The Effect of Preceding Irrigation on Root Water Uptake  
The effect of preceding irrigations was then assessed for different emitter designs by 
computing uncompensated and compensated cumulative RWU over 21 days (i.e., 504 hours), 
during which seven irrigation cycles were considered for cultivating tomato. Figure 5.8 depicts the 
cumulative irrigation discharge which meets the plant water requirement (i.e., potential 
 55 
 
transpiration, Tp) for different emitter designs. Figure 5.9 shows the effect of emitter designs on 
cumulative uncompensated and compensated root water uptake. 
For uncompensated RWU (Fig. 5.9ab), root water uptake was much lower in sand as 
compared to silt soil for all emitter designs. This difference was attributed to limited water-holding 
capacity in sand soil causing a faster downward movement of water when irrigation cycle was 
increased. As a result, plant roots could not extract water during the period between the two 
successive irrigation events, while the part of water that exceeded the soil water holding capacity 
percolated to the deeper soil layers by gravitation. Selim at al. (2012) reported the rate of root water 
uptake in sandy soil was less than that in other soil because of the rapid downward movement of 
water below the zone of maximum root density by gravitational force and the limited upward 
movement of water by capillarity. These simulation results clearly confirmed that sand soil had a 
low uniformity of soil water distribution compared to silt soil. When uncompensated RWU model 
was used, some parts of the root system were stressed due to the non-uniformity in the wet volume. 
The low uniformity of the wet volume led to the reduction of actual transpiration (i.e., actual 
cumulative root water uptake) in soil domain (Simionesei et al, 2016). 
 
  Figure 5.8 Cumulative infiltration computed for different ring-shaped emitters using HYDRUS with 
the optimized soil hydraulic parameters for silt (a) and sand (b) under tomato cultivation with seven 
irrigation cycles over 21 days. 
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Cumulative compensated RWUs after 21 days for different emitter designs were almost the 
same for silt. On the other hand, for sand, cumulative compensated RWU is strongly affected by the 
emitter design. For 5F, unlike the 24-hour simulation case shown in Fig. 5.6d, cumulative RWU 
starts being reduced after 8 days, while cumulative RWUs computed for the emitters with fewer 
holes continuously increase. At the end of the simulation, simulated cumulative RWU for 3P 
reaches the highest value, thus the highest WUE, among different evaluated designs. For 5F, the 
water application rate was too high for plant roots to uptake. As a result, there was a significant 
amount of water lost to deep percolation. For the emitters with fewer holes, the water application 
rate was smaller and consequently that there was much less water lost to deep percolations even for 
sand. In summary, these simulation results confirm that the number of holes can be reduced to 2 or 
3 regardless of the soil types considered in this study.  
 
 
Figure 5.9 Cumulative infiltration computed for different ring-shaped emitters using HYDRUS with 
the optimized soil hydraulic parameters for silt (a) and sand (b) under tomato cultivation with seven 
irrigation cycles over 21 days. 
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5.4. Summary  
With the optimized soil hydraulic parameters, HYDRUS was used to investigate the effects 
of alternative emitter designs on the spatial extent of the wet volume around the buried emitter 
during the subsurface water application. In this analysis, plant root water uptake was used as an 
indirect, quantitative proxy measure to assess the non-uniformity in the spatial extent of the wet 
volume around the emitter. Had the spatial distribution of the SWC been non-uniform, some parts 
of the plant root system would have been stressed, resulting in the reduction in root water uptake. 
Two model plants, tomato and strawberry, were considered because of their contrasting spatial root 
distributions. Both uncompensated and compensated RWU were computed. While the former was 
used to assess the non-uniformity in the spatial extent of the wetted volume, the latter was used to 
investigate whether such non-uniformity had any effect on the plant root water uptake.  
In addition to the original 5-holes ring-shaped emitter that was fully covered by a permeable 
textile, four alternative emitter designs with a different number of holes were analyzed. The new 
emitter proposed in this study was only partially covered by the textile around the holes to simplify 
the maintenance of the emitter. Numerical simulations with these alternative emitter designs 
showed that the lower number of holes did not significantly affect uncompensated RWU in silt. 
However, in sand, cumulative uncompensated RWU decreased when the emitters with reduced 
number of holes were used in the initially dry soil, suggesting non-uniformity in the wet volume. 
The non-uniformity in the wet volume in silt for the emitter with fewer holes was not significantly 
different because water moved radially from the emitter, diminishing the effect of the spatial hole 
configuration. For sand, on the other hand, the non-uniformity in the wetted volume was larger, as 
indicated by uncompensated RWU. 
Such non-uniformity in the wetted volume does not affect the long-term performance of the 
ring-shaped emitter with fewer holes even for silt soil because of the slow discharge rate. On the 
other hand, simulated compensated RWU showed that reducing the number of holes in sand 
significantly increased RWU when preceding irrigation was considered. As water slowly infiltrated 
from emitter which had few holes allowed plant roots to uptake water continuously. 
These results show that, regardless of the soil type, reducing the number of holes and 
changing the covering method may result in a much better water use efficiency and easier 
maintenance. Overall, this study demonstrates that HYDRUS is a useful tool for analyzing soil 
water dynamics around the buried ring-shaped emitter during the subsurface water application. 
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Chapter 6.  Performance of Ring-Shaped Emitter on Yield 
and Water Productivity of Bell Pepper (Capsicum annum L.)  
 
6.1. Introduction 
Efficient irrigation water use is important in arid and semi-arid regions where water supply 
is limited in supporting agriculture production. Soil water dynamics in the root zone under various 
environmental and crop systems are very complex and its understanding is critical for optimizing 
irrigation management. Thus, it is necessary to investigate soil water dynamics around buried ring-
shaped emitters under such condition by considering several factors including crop management 
system as well as root distribution and crop water requirement in agro-climate conditions to 
enhance promoting ring-shaped emitters for subsurface irrigation to obtain higher water use 
efficiency.  
A proper emitter design and effective water management are crucial in developing water-
saving agriculture. In the previous chapter, an alternative ring-shaped emitter design (Saefuddin et 
al., 2018) was proposed by reducing the number of holes and changing the covering method. For 
modified ring-shaped emitter designs, the number of holes was reduced from 5 holes, which was 
originally used, to 2 holes to improve water use efficiency and was partially covered only around 
the holes for easier maintenance and repairing. The performance of the original and alternative ring-
shaped emitter designs was evaluated numerically using HYDRUS 2D/3D software package 
(Šimůnek et al., 2016) under various soil types. In the numerical analysis, the effect of different 
emitter configurations on the evaluation of wet volumes around the emitter was assessed using soil 
water stress to the plant roots. Therefore, root water uptake was computed as an indirect indicator of 
how well the ring-shaped emitter distributed water around the emitter uniformly to the root zone. As 
a result, regardless of the soil type, the number of holes can be reduced from original 5 holes to 3 or 
2 holes. The emitter with new hole configuration resulted in higher water use efficiency and 
provided a proper condition for plant roots to uptake water in the root zone. The emitter was 
partially covered with a permeable textile to simplify the repairing and maintenance. 
Yield production is dependent on the amount of irrigation water and irrigation frequency. 
Bell pepper (Capsicum annum L.) is one of the most susceptible crops to water stress in horticulture 
(Ferarra et al., 2011). Costa and Gianquinto (2002) reported that continuous water stress 
significantly reduced the total fresh weight of fruit, while Antony and Singandhupe (2004) 
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concluded that the total pepper yield was poor at lower amounts of irrigation. Inappropriate 
irrigation schedule and management could result in water stress for the plant. Therefore, the 
precision irrigation is crucial to meet crop water requirement. In addition, soil water storage and soil 
water distribution in the root zone are one of the main factors to optimize irrigation. A better 
understanding of root density and distribution pattern and root water uptake under subsurface 
irrigation will allow for a more accurate simulation of soil water distribution for plants. 
Numerical simulation of water flow and plant root water uptake can help in understanding 
dynamic process of soil water during irrigation. Because of the reliability and flexibility of 
HYDRUS 2D/3D to accommodate different types of boundary conditions and root water and 
nutrient uptakes, and because of its ease to use due to a graphical user friendly interface, the model 
has been widely and successfully used to investigate and evaluate the designing subsurface 
irrigation management practices involving a wide range of crops (Ityel et al., 2011; Bufon et al., 
2012; Kandelous et al., 2012; Lila et al. 2013; El-Nesr et al., 2014; and Ghazouani et al. 2015). In 
previous chapters, HYDRUS has been used with a full three-dimensional flow domain to evaluate 
the effect of modifying the ring-shaped emitter design for subsurface irrigation without considering 
plant cultivation, e.g., crop growth, (Saefuddin et al., 2018). Therefore, experimental validation of 
the HYDRUS model by considering crop cultivation is needed to explore if subsurface irrigation 
with the ring-shaped emitter is suited for the real field conditions.  
With these backgrounds in considerations, comprehensive experimental and simulation 
investigations were carried out under glass-house bell pepper cultivation. The main objectives of 
this chapter were 1) to investigate experimentally and numerically water dynamic around the buried 
ring-shaped emitter during bell pepper cultivation, and 2) to evaluate the performance of the ring-
shaped emitter in terms of water productivity and irrigation water productivity. Initially, the 
simulated soil water contents and the measured soil water content in the cultivation experiments 
were compared to validate the performance of the HYDRUS three-dimensional model in simulating 
soil water movement around buried ring shaped-emitter. Then, parameters of the root water uptake 
model were computed to evaluate how well the ring-shaped emitter provided appropriate soil water 
in the root zone. Since a new version of the HYDRUS software package (Šimůnek et al., 2018) has 
been released recently that allows simulating plant root growth to characterize the actual of root 
water uptake, the observed plant growth data can be modeled for more comprehensive analysis. The 
results of the simulations were finally compared in terms of the ratio between actual transpiration 
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and the total amount of irrigation water, during the entire growing season, in other words in terms 
of water use efficiency. 
6.2. Crop Water Consumption 
Crops need water for transpiration. The plant roots uptake or extract water from the soil to 
live and grow. The main part of this water does not remain on the plant but escapes to the 
atmosphere as vapor through leaves and stems. This process is called transpiration. Transpiration 
happens mainly during the daytime. Water from an open water surface escapes as vapor to the 
atmosphere during the day. The same happens to water on the soil surface and to water on the 
leaves and stem of a plant. This process is called evaporation. The water need of a crop, thus 
consists of transpiration plus evaporation. Therefore, the crop water need is referred to as 
"evapotranspiration". 
The potential evapotranspiration is defined as the value of evapotranspiration when soil is 
sufficiently wet, which is affected by atmospheric conditions such as net radiation, wind speed, air 
temperature and relative humidity. The value of the evapotranspiration usually ranges from 3 to 6 
mm per day for summer crops in temperate-monsoon areas (Miyazaki et al., 1993).  
Crop evapotranspiration (ETc) is influenced by crop growth stages, environmental conditions 
and crop management. The crop water requirement (CWR) is the sum of ETc for the entire crop 
growth period. When management or environmental conditions deviate from the optimal condition, 
the rate of evapotranspiration has to be adjusted to the prevailing conditions and is called adjusted 
or actual crop evapotranspiration (ETc). Both CWR and ETc concepts apply to either irrigated or 
rainfed crops. 
For irrigated crops, the concept of CWR has to be complemented by that of an irrigation 
water requirement (IWR), which is the net depth of water [mm] required by a crop to fully satisfy 
its specific crop water requirement. The IWR is the fraction of CWR not satisfied by rainfall, soil 
water storage and groundwater contribution. When it is necessary to add a leaching fraction to 
assure appropriate leaching of salts in the soil profile, this depth of water is also included in IWR. In 
practice, IWR has to be converted into gross irrigation requirements to take into consideration the 
efficiency of the irrigation systems utilized. 
In crop management practices, crop water requirement can be used as a guide to determine 
the balance between the amount of extractable soil water available for the crop and the amount of 
water needed to be supplied at a particular growth stage. In a wet soil, as water has a high potential 
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energy, it is relatively free to move and is easily taken up by plant roots. In a dry soil, however, as 
water is bound by capillary and absorptive forces to the soil matrix, it is less easily extracted by 
crop plants. When the potential energy of the soil water decreases to a threshold value (usually, the 
lower limit of plant extractable soil water), the crop is unable to extract the water from the soil and 
becomes water stressed. 
Doorenbos et al. (1992) defined crop water requirements are the depth of water needed to 
meet the water loss through evapotranspiration (ETc) of a disease-free crop. To calculate ETcrop a 
three-stage procedure is recommended by Doorenboos et al. (1992): 
1. The effect of climate on crop water requirements is given by the reference crop 
evapotranspiration (ETo). ETo is expressed in mm per day and represents the mean value 
over the period based on the type of climatic data available. The most common method to 
calculate the reference evapotranspiration is based on the Penman-Monteith equation (Allen 
et al., 1998).  
2. The effect of the crop characteristics on crop water requirements is given by the crop 
coefficient (Kc) which presents the relationship between reference (ETo) and crop 
evapotranspiration (ET) or ETcrop = Kc . ETo. Values of Kc vary with the crop, its stage of 
growth, growing season and the prevailing weather conditions. The unit of ETc is in mm 
day-1. 
3. The effect of local conditions and agricultural practices on crop water requirements includes 
the local effect of variations in climate over time, altitude, size of fields, advection, soil 
water availability, salinity, and method of irrigation and cultivation methods and practices.  
6.3. Distribution of Plant Roots 
Different irrigation systems influence root development by changing the availability of 
water at different depths in the soil profile. A healthy root system is essential for all crops because it 
facilitates the uptake of water and nutrients. Considering of the root zone at various stages of crop 
growth is important to determine the amount of irrigation depth and frequency. Shallow rooted 
crops can only extract water from a limited depth and may require short and frequent irrigations. 
Deep rooted plants, on the other hand, are able to extract water from deep down, but can be prone to 
root disease if the subsoil becomes saturated (Hillel, 1980).  
One possible reason for the difference observed between the responses of pot-grown and of 
field-grown plants to the soil-water regime is the difference in root distribution with depth. In a pot, 
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root density can be fairly uniform, while in the field, it generally varies with depth. Furthermore, the 
roots present in different layers maybe exhibit different water uptake and transmission properties. 
For instance, the roots in the deeper layers may offer greater resistance to water movement within 
the plant than the roots of the upper layer (Hillel. 1980). 
Rooting depth can be determined by digging out the whole plant, shaking the soil off or 
digging a soil pit and then measuring the depth of the root system. Rooting depth and depletion 
fraction (p), which is the fraction of total available water that can be depleted from the root zone 
before moisture stress occurs, are vital factors in determining how much water should be applied. 
The distribution of RWU in the soil profile is greatly affected by the spatial-temporal root 
distribution. More specifically, RWU is generally assumed to be a direct function of root length 
densities (RLDs) (Feddes et al., 2001). In order to represent the interactions between root 
development and soil water status, the dynamics of root distributions need to be properly accounted 
for (Krounbi and Lazarovitch, 2011). Direct measurements of RLD distributions and their temporal 
dynamics are important additional information that can be used to constrain other parameters 
related to stress and water uptake compensation functions in RWU models (Cai et al. 2017).  
Root length density is defined by either the length per unit volume of soil [cm cm-3] or the 
length per unit surface of soil [cm cm-2]. The former is used to determine the root length distribution 
with depth, and the latter is used to determine the amount of roots per unit ground surface or crack 
surface. Root development influenced by the water supply (Miyazaki et al., 1993). Soil water 
uptake under different soil moisture regimes is a function of root growth, where under unfavorable 
soil water conditions plants improve their ability to increase water uptake by extensive root growth 
and proliferation in the soil matrix. In this regard, spatial and temporal variations of soil water 
content, soil texture, and soil structure have major impacts on root growth and distribution in soil 
matrix (Dexter, 2004). 
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Figure 6.1 A cross-section view of the experimental set-up, showing the soil moisture sensors 
location. 
 
Figure 6.2 Schematic presentation of bell pepper cultivation in a glass-house; a) Packing air dry 
andisol soil, b) Saturated ring-shaped emitter, c) transplanting bell pepper, d) monitoring bell 
pepper growth. 
(a) (b) (c) 
(d) 
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6.4. Materials and Methods 
6.4.1. Cultivation Experiment 
A glass-house experiment was carried out from June to November 2017 at the Agriculture 
experimental field of Tokyo University of Agriculture and Technology, Fuchu Campus. Bell 
peppers (Capsicum annum L.) were planted in the pots, which was filled with andisol soil as shown 
in Figure 6.1. Soil samples were taken from two depths (5-10, and 15-20) in the Saikaicho 
experimental field before the start of the experiment to obtain soil physical properties. The analysis 
revealed that the average bulk density was 0.74 g cm-3. Bell peppers were transplanted 3 weeks after 
seeding. Figure 6.2 shows the preparation and experimental set-up of bell pepper cultivation in a 
glass-house.  Before transplanting, Andisol collected from the field were sieved and cleaned from 
the roots, air dry soils were then placed in the pot with a 5-cm increment. Each addition was 
manually packed with a steel plate giving the predetermined bulk density of 0.74 g cm-3. 
Two designs of ring-shaped used in this study as comparison purpose, The first design was 
an original design that consisted of 5 small-holes and was covered entirely by a permeable textile 
(referred to emitter 5F), while a newly designed ring-shaped emitter had 2 holes and was covered 
partially only around the holes (referred to emitter 2P) are shown in Fig.6.3. For each pot, the ring-
shaped emitter was placed at a depth of 15 cm and connected to the Mariotte tank to control the 
water pressure head applied at the inlet of the buried emitter (referred to as the inlet pressure). In 
this study, 1 cm constant pressure head was maintained for 2 hours to apply water through the ring-
shaped emitter. During the experiments, the volume of water in the Mariotte tank was recorded 
every 10 minutes to obtain the emitter discharge rate.  
 
Figure 6.3 Ring-shaped emitter design used in the study. 
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6.4.2. Soil Water Content and Weather Monitoring 
Meteorological data, including solar radiation, air temperature, and relative humidity and 
wind speed were monitored inside of the glass house using a set of meteorological sensors. Data 
were recorded at 1-h intervals, stored in data logger EM50, a product of METER environment, and 
regularly downloaded. Reference crop evapotranspiration (ETo) was calculated using the Penman-
Monteith equation (Allen et al., 1998). An electronic balance was used to measure the change in 
soil and plant mass in order to obtain the actual crop transpiration.  
The soil water content (SWC) was measured using soil moisture sensors, 5TE and EC5 ( 
product of Decagon). Two soil moisture sensor 5TE were installed at each a depth of 10 cm and 20 
cm, while 2 EC5 sensors were installed at a depth of 30 and 40 cm. All soil moisture sensors were 
positioned at the center of the ring-shaped emitter (Figure 6.1). Sensor measurements were recorded 
in data logger EM50 and regularly downloaded. The observed SWC values at different depths were 
compared with the corresponding SWC values simulated by HYDRUS 2D/3D. 
6.4.3. Laboratory Measurement of Soil Hydraulic Properties 
At the beginning of the experiment, both disturb and undisturbed soil samples were 
collected from field experimental site of Saiwaikacho for the laboratory measurement of soil bulk 
density (BD), saturated hydraulic conductivity (Ks) and water content (θs). Undisturbed soil 
samples were taken using soil cores with a diameter of 5 cm and 5 cm in height from two 
representative layers (5-10 cm and 15-20 cm) to measure the dry bulk density (BD). The value of 
measured BD is listed in Table 6.1. Ks value of the disturbed soils was determined using a falling 
head method (Klute et al., 1986). The soil cores were first saturated from the bottom and then 
submerged in water for 24 h. After weighing, the saturated soil samples were dried at 105 °C to 
constant mass, and their mass-based saturated SWC was determined. θs values were determined by 
multiplying saturated mass-based soil water content with BD. Collected disturb soil samples from 
the field was used to determine soil water retention curve using pressure plate apparatus following 
the procedure by Richards (1942). 
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Table 6. 1 Bulk density 
Depth (cm) Core sample number  Bulk density (g cm-3) 
5 – 10 C2 0.68 
5 – 10 15 0.65 
5 – 10 E6 0.55 
15 – 20 53 0.88 
15 – 20 A27 0.77 
15 – 20 29 0.9 
Average 0.74 
 
6.4.4. Root Sampling and Yield Measurements 
Data about the horizontal and vertical distribution of plant root growth were obtained after 
breaking down of the pot at three different times as well as on August 25, October 11 and 
November 3. Resulting the maximum root depth and maximum radius at regular times in excavated 
transect was described in Table 6.2, while Figure 6.4 shows the root distribution of bell pepper.   
Root sampling was conducted at the end of cultivation for each plant pot of where emitter 
5F and 2P were installed in order to describe plant root distribution parameters for HYDRUS 
calculation. Following the sampling procedures of Mommer et al. (2017), a plant pot was divided 
into four quadrants. Soil cores with a diameter of 5.1 cm and height of 5 cm were inserted in every 
depth, from 0-5 cm down to 45 cm at 5-cm increments at each quadrat. The cores were taken to the 
laboratory and the roots were washed and separated from the soil. The clean roots were then 
digitized for root lengths and diameter using the root system scanner (perfection4870photo, Epson, 
Japan). The root lengths were analyzed with WinRHIZO software. The root length density at 
different depths was calculated by dividing the root length and the sampled soil volume (cm cm-3) 
(Gao et al. 2010). The average of the root length density measurements was used an input in 
HYDRUS-2D/3D during the simulation period. 
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Table 6.2 Bell pepper root growth 
Period of measurement Maximum radius of root (cm) Maximum root depth (cm) 
25 August, 39 Days 18. 28 
11 October, 47 Days 23 32 
3 November, 23 Days 25 35 
 
 
Figure 6.4 Root distribution of bell pepper after breaking down the pot. 
 
 
Figure 6.5 Harvested bell pepper fruits from emitter 5F (a) and emitter 2P (b). 
 
(a) (b) 
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Bell pepper fruits were hand harvested at 109 days after transplanting (DAT). Fruit 
diameters, lengths, and dry weights were measured for 2 fruits randomly selected per plant (Fig. 
6.5). Fruit samples were then dried at 65oC until the constant weight was obtained (3 days). After 
harvesting, the plants were cut off for measuring the dry aboveground biomass. Biomasses were 
dried at 80oC to a constant weight. Water productivity (WP) and irrigation water productivity (IWP) 
were calculated by dividing the bell pepper fresh yield (kg/plant) with the crop evapotranspiration 
(ETc) or with the total irrigation water applied as shown in Equations (2.3) and (2.5), respectively.  
6.4.5. Irrigation and Fertigation 
Irrigation of bell pepper started on the first day after transplantation where the soil profile 
remains relatively dry. This was evident from the initial soil water content data of soil profile based 
on soil moisture sensor measurement which varied from 0.098 – 0.132 cm3 cm-3 in a pot which the 
emitter 5F was installed and 0.089 – 0.136 cm3 cm-3 in a pot which the emitter 2P was installed. 
Irrigation was not uniformly scheduled during cultivation. Irrigation water was supplied every day 
in the first week after transplanting and approximately once in every 4 days during the crop full 
development stage. A total of 20 irrigation events was applied during cultivation. 
Fertigation was initiated after bell pepper was in an establishing growth period (25 Days 
After Transplanting, DAT). Fertigation was performed for 2 hours every 2 weeks using liquid 
fertilizer with concentration of 22 cm3 per 10-liter of water. Fertilizer consisted of 13 % nitrogen 
and 38% potassium, resulting in total of 6 fertigation events were applied during the crop growth 
season. 
A glass-house experiment was conducted to collect two type data. First to gather the 
necessary input data to execute the HYDRUS-2D/3D model, and second to collect data used to test 
the model by comparing the measured and simulated values of soil water content.  
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6.4.6. Numerical Simulation of Water Flow and Root Water Uptake during Cultivation 
The main objective of this study is to evaluate the effects of the ring-shaped emitter design 
on soil water content distribution and root water uptake during subsurface water application during 
bell pepper cultivation. The HYDRUS software package version 3.0 (Šimůnek et al., 2018) was 
used to analyze collected experimental data since the software has been successfully used to 
simulate soil water dynamic around the buried emitter in various irrigation scenarios and crop 
management (Lazarovitch et al., 2005; Kandelous et al., 2012; Bufon et al., 2012; El-Nesr et al., 
2014 and Ghazouani et al., 2015). The model additionally allows specification of root water uptake 
and root growth, which affect the spatial distribution of water between irrigation cycle.   
In the cultivation experiment, a newly designed ring-shaped emitter with partially covered 
by permeable textile only around the hole was used. Therefore, asymmetry in hole configurations 
are required to be modeled in a fully three-dimensional flow domain to void over simplification. 
(a) (b) 
2P 
5F 
Figure 6.6 a) A schematic view of the simulated three-dimensional flow domain, displaying 
boundary conditions, spatial discretization, and the position of the ring-shaped emitter and 
observation nodes that correspond to soil moisture sensor locations; b) variable head boundary 
condition was imposed at the emitter where blue dark parts represent ring-shaped emitter with 
permeable textile cover, while light parts represent impermeable (without cover). 
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The three-dimensional transport geometry used for the calculation is shown in Figure 6.6a. The 
depth of the transport domain was 55 cm and its diameter was 50 cm. The three-dimensional flow 
domain was discretized into 11,595 nodes, which corresponded to 41,016 three-dimensional 
triangular prismatic elements with very fine grid around the emitter (with sizes of 1 cm) and 
gradually increasing element sizes farther from the emitter (up to 2.5 cm). Four observation nodes, 
corresponding to the locations where volumetric soil water content sensors were installed, were 
placed in the center of emitter at a depth of 10, 20, 30, 40 cm from the soil surface. The initial soil 
water content was estimated based on the soil moisture sensor measured values from the plant pot 
after air-dried Andisol soil was packed into the pot. We assumed that initial soil water content was 
uniform in the entire flow domain at the average content of 0.121 cm3 cm-3. The simulation was 
carried out for 109 days, corresponding to the experimental period.  
In simulation, the “No-Flux” boundary condition was set at along vertical sides and bottom 
of the transport domain, while the “Atmospheric” boundary condition was specified in the top 
domain. The ring-shaped emitter was represented as a doughnut shape with a diameter of 20 cm, 
located in the center of the transport domain at a depth of 15 cm. The “Time-variable pressure 
head” was imposed in the nodal points representing the ring-shaped emitter covered with the textile 
(dark blue parts in Figure 6.6b). It should be noted that, water pressure head of 1 cm was kept 
constant at the inlet of the emitter during subsurface irrigation in the experiment. A constant 
pressure head boundary condition was switched to no flux boundary condition during periods 
without irrigation.  
HYDRUS requires daily estimates of potential evaporation (Es) and transpiration (Tp) as 
input parameters so that it can simulate corresponding actual values of transpiration and 
evaporation. In this study, the potential transpiration is determined by the atmospheric demand as 
controlled by meteorological variables, such as net radiation, air temperature, wind speed and 
relative humidity.  The potential evapotranspiration was obtained by combining the daily values of 
reference evapotranspiration (ETo), determined by the FAO Penman-Monteith method and the 
single crop coefficient approach (Allen et al., 1998), as follows; 
ETp = Kc * ETo      (6.1) 
where ETp is the potential evapotranspiration [LT-1], Kc is the crop coefficient, which represent the 
plant transpiration component, and ETo is reference evapotranspiration [LT-1). A daily based of ETo 
was estimated with meteorological data using the FAO-56 Penman-Monteith combination equation 
(Allen et al., 1998) and ETo calculator, a software developed by the Land and Water Division of 
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FAO. The crop coefficient for bell pepper based on FAO 56 paper (Allen et al., 1998) is 0.6, 1.05 
and 0.9 for the initial stage, middle and late growth stage, respectively. Since a plastic mulch was 
used to cover the soil surface in this study, the FAO 56 paper recommends reducing the value of 
crop coefficients by 10 – 30 %. A reduction of 15 % was therefore adopted in our study. The crop 
coefficients used for bell pepper were 0.51 at the initial stage (Kcin), 0.89 and 0.77 at middle stage 
(Kcmid) and late stage (Kcend), respectively.  
The potential transpiration and irrigation were used to represent the atmospheric boundary 
condition. Since in the cultivation experiment, soil surface was covered with plastic mulch, it was 
assumed evaporation from the soil surface was neglected and become zero in the simulation 
scenario, thus potential evapotranspiration represents transpiration only. The potential transpiration 
rate (Tp) was calculated with: 
    (6.2) 
Runnig the HYDRUS model requires reliable soil hydraulic parameters such as θr, θs, Ks, 
alpha, n and l as described in eq. 3.3 to 3.5. The soil hydraulic properties were modeled using the 
water retention and hydraulic conductivity functions described by van Genuchten-Mualem (van 
Genuchten, 1980). The soil hydraulic properties such as water retention curve, Ks and θs have been 
described in section 6.3.3. The van Genuchten- Mulaem hydraulic parameters were fitted against 
the soil water retention curve experimental data points using RETC program (Van Genuchten et al., 
1991) to predict unsaturated hydraulic conductivity function. As for andisol soil used in this study, 
the soil hydraulic parameters fit are listed in Table 6.3.  
Table 6.3 Soil hydraulic parameters of the van Genuchten-Mualem model used in the numerical 
simulation 
Soil  θr (cm3cm-3) θs (cm3cm-3) α (1/cm) n (-) Ks (cm day-1) l (-) 
Andisol 0.09 0.543 0.025 1.422 14.33 0.5 
θr is the residual water content, θs is the saturated water content, van Genuchten-Mualem shape 
parameters (α, n and l), and Ks is saturated hydraulic conductivity.  
 
 
 
ETpTp
EpwhereEpETpTp

 0,
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The root water extraction S (h, x, y, z, t) from the soil is computed according to the Feddes 
approach (Feddes et al., 1978), which is implemented in HYDRUS as explained more detail in 
Chapter 3, Section 3.2. The following parameters of the Feddes model were used in this work:  h1 = 
-10 cm, h2 = - 20 cm, h3 = -600 to -1500 cm, and h4 = -3000 cm. The h1 – h4 represents different 
pressure head values which are affecting the root water uptake in the soil. The critical water stress 
index (ωc) value was set equal to 1 in the simulation, since bell pepper is one of agricultural plants, 
which has a relatively high ωc, therefore, their ability to compensate natural stress is limited 
(Šimůnek and Hopmans, 2009). 
The standard approach of root distribution in HYDRUS 2D/3D version 2 only allows roots 
which are distributed constant with the time during the simulation. To extend the capabilities of the 
standard module of HYDRUS 2D/3D, a simple root growth model was implemented in Version 3. 
(Šimůnek et al., 2018). The rooting depth, LR, now can be either constant (the standard approach) or 
variable during simulations. For annual vegetation, a growth model is required to simulate changes 
in rooting depth with time. Time-variable rooting depth values can be provided either using a table 
on input, or calculated by the program, assuming that the actual rooting depth is the product of the 
maximum rooting depth, Lm [L], and growth coefficient, ƒr (t) [-], given by (Šimůnek et al., 2018); 
       (6.3) 
For the growth coefficient, ƒr (t) [-], the classical Verhulst-Pearl logistic growth function is 
implemented in the new version of HYDRUS 2D/3D;  
      (6.4) 
where L0 is the initial rooting depth at the beginning of the growing season [L], and r is the growth 
rate [T-1]. The growth rate can be calculated either from assumption that 50% of the rooting depth 
will be reached after 50% of the growing season has elapsed or from given rooting depth data at the 
specified time. The same approach was also used for the horizontal extent of the rooting zone, 
except the maximum extent of the rooting zone in the horizontal direction is used instead of the 
maximum rooting depth (Šimůnek et al., 2018). In this study, both constant roots and the root 
growth approach were considered for comparison purpose. The observed bell pepper root growths, 
which are listed in Table 6.2, were used as input parameters of root growth in the simulation. 
)(ƒ)( r tLtL mR 
rt
m eLLL
L
t


)(
)(ƒ
00
0
r
 73 
 
 
 
 
The spatial distributions of roots which are described using the Vrugt (Vrugt et al., 2001) 
model function were selected in the numerical analysis (as described in Chapter 3).  The location of 
the maximum root water uptake was observed to be concentrated mainly near the ring-shaped 
emitter where water and nutrient were applied. The root distribution was specified according to the 
measured distribution along the soil profile. Root sampling and plant roots distribution 
measurement were conducted after cultivation for each plant pot with different emitter design in 
order to obtain the plant roots distribution parameters used in the simulation. The observation of the 
bell pepper root distributions from different emitter designs, the emitters 2P and 5F, revealed that 
root length density (RLD) of the plant was highest at the depths of 20 cm and 15 cm for the original 
ring-shaped emitter (5F) and the modified ring-shaped emitter (2P), respectively as described in 
Figure 6.7. This finding contributed that the plant roots up-took water intensively near the buried 
water source (i.e., emitter). In addition, the maximum radius of roots (Xm and Ym) was 25 cm in both 
emitter 2P and 5F, while the maximum depth of root (Zm) was 35 cm. Table 6.4 shows the 
parameters of the spatial root distribution of the Vrugt model (Vrugt et al., 2001), which were used 
in the simulation. While Figure 6.8 visualizes the spatial root distributions computed by Vrugt’s 
model for different emitters    
Figure 6.7 Root length density of bell pepper in different emitter designs. 
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Table 6.4 The parameters of Vrugt root distribution function 
Parameters Emitter 2P Emitter 5F 
Maximum rooting depth, Zm (cm) 35 35 
Depth with maximum root density, z* (cm) 15 20 
Maximum rooting radius, Xm (cm) 25 25 
Radius of maximum intensity, x* (cm) 0 0 
Maximum rooting radius, Ym (cm) 25 25 
Radius of maximum intensity, y* (cm) 0 0 
Non-symmetry coefficient, Pz, Px, and Py  1, 1, 1 1, 1, 1 
Surface area associated with transpiration (cm²) 1200 1200 
 
 
 
 
 
 
Figure 6.8 The three-dimensional spatial distribution of root water uptake based on Vrugt 
parameters for different emitter designs. 
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6.5. Results and Discussions 
6.5.1. Plant Growth and Water Consumption 
The plants were transplanted into the pots on 17 July 2017. They were grown for 109 days 
during the experiment. The plant heights were measured every week during crop growth season, 
while crop biomasses and yield were determined after cultivation. The effect of ring-shaped emitter 
design on plant growth is described in Figure 6.9. The plant grew up during cultivation from 14 cm 
to 74 cm when water was applied with the modified ring-shaped emitter (2P). Since the original 
ring-shaped emitter applied more irrigation water compared to the modified ring-shaped emitter, the 
subsurface irrigation using the original ring-shaped emitter (5F) resulted in higher plants of about 
84 cm, but they were not significantly different (p>0.05) from those with the modified emitter. 
 
Figure 6.9 The effect of ring-shaped emitter designs on crop performance as well as (a) plant height 
and (b) dry biomass, (c) yield. 
 
 
 
 
 
 
 
 
Figure 6.10 (a) Daily values of air temperature, Tair, and relative humidity, RH, (b) global solar 
radiation measured during the growing season. 
(a) (b) 
(c) 
(a) (b) 
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Dry biomass for different emitter designs is shown in Fig.6.9b. The total biomass was 36.9 
and 29.14 g per plant for the emitter 5F and 2P, respectively. The dry biomass was low when 
subsurface irrigation with the emitter 2P was used, compared to the emitter 5F which had the largest 
biomass. The biomass increased as the amount of irrigation water increased. In addition, the yield 
was lower when the modified ring-shaped emitter, 2P, was used. The total yield of 111 g/plant 
achieved for the emitter 2P was lower compared to the emitter 5P which had the highest yield about 
125 g/plant. The difference was not significant in both emitter designs (p>0.05) for three-replicates.  
The growth progress was indicated by increasing daily water consumption. The daily water 
consumption was estimated based on the Penman-Monteith calculation, where the values of crop 
water requirement influenced by crop stages and environmental conditions as well as agro-
meteorological variables. The dynamic of agro-meteorological variables (air temperature, humidity 
and global solar radiation) measured during the growing season are shown in Figure 6.10a and 
(a) 
(b) 
Figure 6.11 (a) Daily values of a reference evapotranspiration, ETo, and crop evapotranspiration, 
ETc based on Penman-Monteith calculation, (b) daily values of actual crop transpiration based on 
measurement of weighing balance for different emitter designs. 
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6.10b. During cultivation, the air temperature decreased dramatically toward the end of October 
because the solar radiation was lower than usual due to continuous heavy rains occurred in October. 
 Figure 6.11a illustrates the computed daily potential evapotranspiration (ETo) and crop 
evapotranspiration of bell pepper (ETc). As can be observed, the crop evapotranspiration tends to 
increase during the growing season from mid of August to the end of September, rising 0.18 mm 
day-1 to about 4.19 mm day-1. Shukla et al. (2013) reported that the crop evapotranspiration 
increased as the crop grew until it reached at maximum maturity. The cumulative crop 
evapotranspiration of bell pepper reached about 218 mm in the growing season. 
Figure 6.11b describes the observed daily actual transpiration, which was determined by the 
depletion of the weighing balance of each soil pot before and after irrigation was applied from the 
subsurface ring-shaped emitter with the original design (5F) and modified one (2P). The bell pepper 
transpiration was higher during the development stage and reached its maximum value at the middle 
stage for both emitter designs 5F and 2P. The actual transpiration of bell pepper was highly 
dependent on variation of soil water storage during the growth season and the irrigation amount. As 
a result, the emitter which had 2 holes produced a small amount of water discharge into the soil 
profile causing reduction in the transpiration. The total amount of irrigation water applied from the 
modified ring-shaped emitter (2P) was about 93.9 mm lower than 244.7 mm applied from the 
original emitter (5F). The total cumulative transpiration of bell pepper was achieved 90.2 mm and 
183.7 mm for the emitter with modified and original design, respectively. Sezen et al. (2015) 
reported that the seasonal bell pepper transpiration increased with increasing the amount of 
irrigation under both furrow and drip irrigation systems. 
6.5.2. Comparison of Measured and Simulated Soil Water Contents 
Water management of bell pepper is extremely important at all stages of plant development 
due to the influence on growth establishment, fruit set and quality. Profiles of soil water content 
variation at different depths during the growing season for each emitter design are shown in Figure 
6.12. The soil water content distribution dynamics were monitored by soil moisture sensors 
installed at four different depths during bell pepper growth season. For each emitter design, a total 
of 4 soil moisture sensors was positioned at the center of the ring-shaped emitter. The figures show 
that the soil water content responded to the irrigation cycles. A total of 26 irrigation and fertigation 
events was applied during the cultivation experiment. As can be observed, at the depth of 20 cm, the 
soil water content jumped immediately after each irrigation event and gradually decreased due to 
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redistribution and root water uptake. Soil water content mainly changed in the upper root zone of 0-
30 cm. As plant roots observation (Fig.6.7), the plant roots concentrated in the 5 – 35 cm layer 
during the development stage while soil water content varied in the corresponding depth. 
 
 
 
 
 
10 cm 
20 cm 
30 cm 
40 cm 
Figure 6.12 Comparison between measured and simulated soil water content at depth of 10 cm, 20 
cm, 30 cm and 40 cm from the emitter 2P (left) and 5F (right). The simulation scenario based on 
HYDRUS standard approach which the plant root was considered as constant with time. 
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As is the depicted in Fig. 6.12 (left), the emitter with 2 holes (2P) can maintain the soil water 
content approximately from 0.205 to 0.301 cm3 cm-3. It never reached to the saturated condition. In 
addition, because the wet volume expanded slowly with smaller discharge rates from the emitter, it 
allows redistribution of water radially. The soil water content at the depth of 30 cm then increased 
initially and stayed almost constant. As the soil water content remained almost constant at lower 
values at the depths of 10 cm and 40 cm, there was a minimal water loss either due to deep 
percolation or evaporation from the soil surface. On the other hand, for subsurface water application 
using the original design ring-shaped emitter, the soil water content reached at near the saturated 
condition at the depth of 20 cm in the early stage of irrigation cycle (Fig.6.12 right). Generally, the 
soil water content remained high in all observation depths compared to subsurface irrigation with 
the modified ring-shaped emitter. This comparison revealed that the modified ring-shaped emitter 
allows maintaining the soil water content in the root zone and eliminating water stress for the plant 
roots. For this reason, the modified ring-shaped emitter can prevent evaporation and deep 
percolation water losses. Providing better soil water distribution near the active roots and the 
absence of evaporation losses could explain observed higher productivity with subsurface irrigation 
(Shukla e al., 2013).  
The measured volumetric soil water content values were compared with the model simulated 
values at different soil depth for different emitter designs. The dots represent observed soil water 
content values, while line represents simulated soil water content values (Fig.6.12). Figure 6.12 
documents that a relatively good agreement between experimental and simulated data was obtained. 
Overall, temporal changes in soil water contents in the upper soil layers (0-30 cm) were larger than 
in the deeper layers, as these layers were more directly affected by irrigation, and transpiration.  
 
Table 6.5  Error analysis for different emitter designs at different depths 
Depth  Error (cm3cm-3) Emitter 5F Emitter 2P 
10 cm 
RMSE  0.061 0.109 
MAE  0.014 0.04 
20 cm 
RMSE 0.092 0.028 
MAE 0.011 0.007 
30 cm 
RMSE 0.099 0.029 
MAE 0.020 0.009 
40 cm 
RMSE 0.049 0.003 
MAE 0.025 0.005 
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Since the emitter was installed at 15-cm depth, soil water contents at a depth of 20 cm 
increased quickly corresponding to irrigation event. During the entire growing season, the root 
mean square errors (RMSE) and mean absolute errors are computed (Table 6.5). Generally, the 
simulated soil water content values computed with HYDRUS were in good agreement with the 
measured soil water contents, despite some discrepancies. The difference between simulated and 
observed soil water content values was higher at a depth of 10 cm when emitter 2P was used. It 
might be due to the wetted volume from emitter 2P was distributed based on the hole of emitter 
configuration, therefore the fluctuation of soil water content was less pronounced in the experiment. 
The discrepancies might be partially attributable to spatial heterogeneity and observation errors. 
Ramos et al. (2012) explained that relate to field measurement, the measurement of SWC by 
sensors is not free of errors due to numerous assumptions and inherent complexities in the soil 
which can be potential reasons for discrepancies. 
Although some discrepancies between simulations and measurements occurred in some 
depths, the overall accuracy of the HYDRUS model for simulating the soil water content was 
satisfactory where the RMSE values and MAE were low in the deeper soil layer.  This result agreed 
well with that of Yao et al. (2011), who used HYDRUS 2D/3D to simulate the soil water dynamics 
in a section of the jujube root zone and RMSE values decreased with the increasing of soil depth 
below a drip tube. One possible reason for these variations was that the root water uptake activity 
was most intense in the shallow soil zone (Xi et al., 2013). Therefore, it can be concluded that the 
accuracy of the simulations for different emitter designs was satisfactory and that HYDRUS 2D/3D 
is well suited for simulating water content in subsurface irrigation with ring-shaped emitter under 
environmental and crop conditions.  
6.5.3. Comparison of Measured and Simulated Actual Transpiration of Bell Pepper 
Crop transpiration (T) and soil evaporation are the main mechanisms by which water is 
cycled in cropland areas, and the ratio of transpiration and evapotranspiration are very important for 
understanding the ecological mechanisms of the crop water transport (Scanlon et al., 2005). 
However, few studies have modeled transpiration and compared the simulated results with observed 
data. To evaluate the HYDRUS model for predicting transpiration and provide support for field 
management, in this study, the constructed HYDRUS 2D/3D model version 3 was used to compute 
the daily actual transpiration (Fig.6.13) under different ring-shaped emitter designs. 
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Table 6.6 Errors analysis of actual transpiration simulation results for different emitter designs 
 Paremeter Errors Emitter 5F Emitter 2P 
Tact  
RMSE (cm day-1) 0.543 0.137 
MAE (cm day-1) 0.006 0.006 
RMSE is the root mean square error, MAE is mean absolute error, Tact is the actual transpiration. 
 
(a) 
(b) 
Figure 6.13 Comparison of the measured and simulated values of actual transpiration (Tact) during 
crop growing season for emitter 2P (a) and emitter 5F (b). 
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 As for emitter 2P, the values of actual transpiration were lower than potential transpiration 
compared to emitter 5F, the potential transpiration values were close to the actual transpiration 
values. The reduction of the actual transpiration rate from the emitter 2P was mainly affected by the 
availability of water storage in the soil column. As can be seen in Fig. 6.12 the soil water content 
was maintained relatively lower compared to emitter 5F. Transpiration is affected by soil properties 
such as soil water potential and hydraulic conductivity of the soil. The low soil water potential (i.e., 
the low water content) and the low hydraulic conductivity, both of which impede the conduction of 
sufficient water to plant roots, keep stomata close, to avoid dehydration of the plant. As a result, the 
transpiration rate is reduced to a low value. Empirically, it is well known that the rate of the plant 
activities such as transpiration and growth is a function of available soil water depletion (Miyazaki, 
1993). Denmead and Shaw (1962) investigated the transpiration rates of plants as a function of soil 
water content for various conditions of the atmosphere. They found under clear and dry conditions, 
the transpiration rate decreased from 6.5 mm day-1 to 2 mm day-1 when soil water content decreased 
from 0.34 cm3 cm-3 to 0.28 cm3 cm-3. On the other hand, under heavily overcast and humid 
conditions, the transpiration rate was small (1.3 mm day-1) and constant when the water content was 
more than 0.23 cm3 cm-3 but decreased to 0.2 mm day-1 when water content less than the wilting 
point (0.22 cm3 cm-3). They concluded that available water for plants was not constant but depends 
on the atmospheric condition or evaporative demand.  
The accuracy of the HYDRUS 2D/3D model to simulate actual transpiration was evaluated 
by comparing the simulation results and observed data. The mean absolute errors were varied from 
0.006 to 0.011 and -0.006 to 0.020 for emitter 5F and 2P, respectively. This indicated that the 
simulated actual transpiration values agreed well with the measured values. Although, some 
discrepancies were found between simulated and observed values of actual transpiration during 
simulation, overall, HYDRUS 2D/3D can be used as a tool to accurately simulate the transpiration 
during the entire growth period. In addition, various environmental factors, particularly, can cause 
errors in the simulation, such as, temperature, soil water availability and soil strength, can influence 
the plant root development and root distribution in soil. 
6.5.4. Yield and Irrigation Water Productivity 
Water application and irrigation design extremely important to provide the appropriate 
amount of water for crop development. Table 6.7 presents the data on the total amount of irrigation 
and actual transpiration of bell pepper during the growing season for different emitter designs. The 
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bell pepper weight increased with an increase the amount of water applied. Since the actual 
transpiration was higher in emitter 5F, the yield was also higher about 137.94 g per plant. Bell 
pepper transpiration was highly dependent on the variation of soil water storage in growth season, 
and irrigation amount. As presented in Table 6.7, the total amount of water irrigation was 244.46 
mm applied by emitter 5F. The simulated of total irrigation had slightly less discrepancies with 
measured data. Therefore, HYDRUS 2D/3D can be used as a tool to determine the irrigation water 
use efficiency in term of water productivity.  
In the following, the term of water productivity is related to the amount of irrigation water 
provided to produce yield. The results obtained for the water productivity (Table 6.7) demonstrated 
that the lower the irrigation dose, the higher the water productivity. This can be clearly seen in the 
pot which was irrigated by emitter 2P had lower the amount of irrigation water can increase the 
water productivity of 1.28 g mm-1.  
Water productivity of bell pepper was estimated by dividing the measured yield by the 
seasonal actual transpiration. Water productivity and irrigation water productivity influenced the 
cumulative water irrigation discharge. When using the modified ring-shaped emitter, water 
productivity and irrigation water productivity were larger than those with the original design emitter 
(5F). Dukes et al. (2003) reported irrigation water productivity values for drip irrigated bell pepper 
ranging from 16 to 52.6 kg m-3 in Florida. In another study, Sezen et al. (2015) reported water 
productivity of bell pepper under full irrigated by drip irrigation in Mediterranean areas varied from 
5.5 to 7.1 kg m-3.  
 
Table 6.7 Yield, Transpiration, Irrigation, Water productivity and Water use efficiency of bell 
pepper in different emitter designs. 
Parameters 
Emitter 5F Emitter 2P 
Simulated Observed Simulated  Observed 
Fresh weight (gr per plant)   137.94   120.14 
Transpiration (mm) 209.17 183.74 88.64 90.18 
Irrigation (mm) 243.18 244.46 94.32 93.90 
Water productivity (g mm-1) 0.66 0.75 1.36 1.33 
Irrigation water productivity (g mm-1) 0.57 0.56 1.27 1.28 
Water use efficiency (%) 86.0 75.2 94.0 96.04 
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6.6. Summary 
In this chapter, the effect of different emitter designs on plant growth performance and 
irrigation water productivity was assessed during bell pepper cultivation. In order to achieve the 
objectives, the cultivation was conducted in glass-house during summer season of 2017. Two 
emitter designs were used for comparison; emitter 5F and 2P. Emitter 5F was the original ring-
shaped emitter design which was fully covered by a permeable textile and consisted of 5 holes. 
Whereas emitter 2P was a modified ring-shaped emitter design with reduced number of holes into 2 
holes and partially covered only around the holes. Bell pepper was transplanted into a pot which 
filled with andisol soil. For each emitter design had 3 plant pots and 3 additional pots for destructive 
sampling of plant roots. Thus, a total of plant pots was 9. During the experiment, the changes in soil 
water content in different depths were monitored and crop water requirement was estimated 
following the procedure from FAO-56 paper. Measured data as well as soil water content and actual 
transpiration were used to calibrate the capacity of the HYDRUS 2D/3D model. The input 
parameters for HYDRUS model were based on experimental data and field conditions.  
Both experimental and numerical results indicated that water productivity and irrigation 
water productivity values can be increased when using the modified ring-shaped emitter, 2P even 
though, emitter 2P produced lower yield than emitter 5. The increases in water productivity and 
irrigation water productivity corresponded to the total amount of irrigation that was applied by 
different ring-shaped emitter configurations. The results found in this work seem to indicate that the 
use of the modified design of the ring-shaped emitter could be a recommendable option to save 
water in areas where water resources are particularly scarce without compromising the crop yield. 
In addition, the modified ring-shaped emitter design allows easy to repair and maintain.     
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Chapter 7. Long-term Effect of Subsurface Irrigation on 
Subsurface Environment in Arid Region 
 
7.1. Introduction 
Subsurface ring-shaped emitter irrigation has been introduced and developed in the East 
Lombok Regency of West Nusa Tenggara, Indonesia since 2014. East Lombok is considered one of 
the water scarce regions in Indonesia. Generally, the climate condition of the region is classified as 
dry with average annual rainfall from 500 – 1000 mm (Sumarsono et al., 2018). According to 
climate classification of the Oldeman, the area is categorized in the zone of E4 agroclimatic where 
the wet season is characterized for 4 months (the dry season is therefore 8 months). Currently, 
farmers intensively use subsurface irrigation with ring-shaped emitters for cultivating vegetable 
crops such as hot pepper. Pumped groundwater is stored in a small reservoir with the capacity of 
300 cm3. Water is delivered from the reservoir to irrigate land through a pipeline network.   
 
 
 
 
 
(a) (b) 
(c) (d) 
Figure 7.1 Bare land in East Lombok without any cultivation during dry season, b) Farmer installed 
ring-shaped emitter at a depth of 10 cm for subsurface irrigation, c) Cultivation hot pepper under 
subsurface irrigation with ring-shaped emitter, which water is supplied from a water tank, d) 
maturity of hot pepper in farmer’s land under subsurface irrigation with ring-shaped emitter 
(Source: Saptomo et al., 2014; Sumarsono et al., 2018). 
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Increasing irrigated areas for intensive horticulture cultivation in arid lands can contribute 
increases in the nitrate concentration in shallow aquifers because of nitrate leaching (Siemens et al., 
2008; Ramos et al., 2012). Excessive application of N fertilizer and poor management of water lead 
to nitrate pollution of groundwater. Thus, the monitoring of the nitrate concentration in aquifers 
needs to be complemented with the control of nitrate beyond the root zone.  
Although subsurface irrigation has many advantages such as an increase in irrigation water 
saving, one of the potential problems associated with this irrigation technique is nutrient leaching 
due to deep percolation beyond the root zone (Ajdary et al., 2007; Doltra and Munoz, 2010). 
Therefore, a proper management of water and nutrient during subsurface irrigation for cultivating 
crops is very important to obtain sustainable yield, to save precious water, and to prevent nitrate 
pollution in groundwater due to deep percolation. Understanding the relationship between the 
amount of water and nutrient application, crop root water uptake, and leaching risk can be helpful in 
providing better irrigation practices and management. In addition, to provide sustainable irrigation 
with the ring-shaped emitters, it is crucial to evaluate the long-term effects of subsurface irrigation 
with the ring-shaped emitters on the root zone and the aquifer.  
Direct measurements of simultaneous water movement and solute distribution around a 
buried ring-shaped emitter in the field scale are labor intensive, time consuming and expensive. 
Simulation models have been proved to be valuable tools for assessing and predicting the long- and 
short-term effect of subsurface irrigation on soil properties, crop yield, nitrate leaching, and 
groundwater environment (Hanson et al., 2006; Ajdary et al., 2007, Doltra and Munoz, 2010; Wang 
et al., 2014). The interaction between soil water and solute with the plant root water uptake is 
implemented in the HYDRUS software package (Šimůnek et al., 2006; 2012; 2018). This model is 
therefore selected for the present study to simulate the water movement and solute transport during 
subsurface irrigation with the ring-shaped emitter under field condition for a long period. 
In this chapter, the effect of a long-term application of the alternative ring-shaped emitter for 
subsurface irrigation in the cultivated arid land East Lombok, Indonesia, was assessed numerically. 
HYDRUS 2D/3D was used to investigate soil water movement, solute distribution and deep 
percolation. 
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7.2. Materials and Methods 
7.2.1. Study Area 
The study area was located in Pringgabaya village, in the East Lombok of West Nusa 
Tenggara, Indonesia (8o31’58.32”S, 116o37’44.85”E). Hot pepper (Capsicum frutences L.) was 
cultivated during the dry season from June to November (Sumarsono et al., 2018). The original 
design ring-shaped emitter was used in the field experiment. The climate is a continental arid 
temperate zone with an annual average precipitation of 1042 mm from 2008 to 2017. Most 
precipitation occurred during November to February. The annual reference average 
evapotranspiration was 1675.19 mm from 2008 to 2017. The fluctuation of precipitation and 
potential evapotranspiration during 10 years is described in Figure 7.2. The lowest and the highest 
temperatures are about 22.5oC in January and 36.3oC in August, respectively. Soil texture in the 
study area was characterized as sandy clay loam. The main soil properties are presented in Table 7.1 
 
 
 
 
 
 
 
 
Figure 7.2 Annual of precipitation and evapotranspiration in East Lombok Regency, West 
Nusatenggara, Indonesia for 10 years. 
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Table 7.1 Measured soil properties of the study area 
Parameters Unit 
Plot 1 Plot 2 
0-15 cm 15-30 cm 0-15 cm 15-30 cm 
Available water content cm³ cm-³ 0.12 0.09 0.11 0.09 
Field water content cm³ cm-³ 0.35 0.32 0.38 0.41 
Porosity cm³ cm-³ 0.61 0.6 0.66 0.52 
Bulk density  g cm-³ 0.96 0.98 0.88 1.18 
Particle density g cm-³ 2.44 2.48 2.56 2.47 
Ks cm h-1 5.34 3.76 7.86 4.87 
Ks cm day-1 128.16 90.24 188.64 116.88 
(Source data; Saptomo et al., 2014) 
7.2.2. Long-term HYDRUS Simulations of Water Flow and Solute Distribution 
In order to simulate the long-term effects of subsurface irrigation with the ring-shaped 
emitter on spatial extent and temporal dynamics of water and solute in the root zone, the three-
dimensional model of HYDRUS (Šimůnek et al., 2008; 2018) was used. The three-dimensional 
transport domain was used for simulating water flow and solute transport in soil as shown in 
Fig.7.3. The dimension of the transport domain was 100 cm in depth, 80 cm in width, and 100 cm in 
length. The transport domain was discretized into 12,586 nodes and 50,753 three-dimensional finite 
element mesh. The ring-shaped emitter was located at a depth of 20 cm below the soil surface. 
Mesh refinement of 1 cm was done around the buried ring-shaped emitter where rapid change in 
flux occurs. In order to describe solute distributions in soil profiles, 4 observation points were 
located in the center of ring-shaped emitter for different depths (i.e., 10 cm, 30 cm, 50 cm and 70 
cm).  
An atmospheric boundary condition was set at the top of the transport domain. Precipitation, 
evaporation, and evapotranspiration were accounted as the atmospheric boundary condition during 
the simulation. It was assumed that during cultivating hot peppers, the soil surface was covered by 
rice straw mulch, therefore the potential evapotranspiration was taken equal to the potential crop 
transpiration while the potential evaporation was ignored. Since cultivation was conducted only 
once a year and there was no crop rotation, thus the evaporation rates which occurred from the bare 
soil surface were considered in the model at the atmospheric BC during non-cultivation periods. 
 89 
 
 
 
 
 
No flux boundary conditions were assumed along the vertical sides of the transport domain. 
A free drainage boundary condition was applied at the bottom of the soil profile. A variable flux 
boundary condition along the buried ring-shaped emitter surface was considered during the 
irrigation time and no flux during the fallow time. The constant flux in the aforementioned 
boundary condition was defined based on the amount of water applied of 1500 cm³ in each 
irrigation event, which corresponded to the irrigation flux rate of 9.14 cm day-1. The irrigation 
period was 8 h per day. Since it is common to irrigate vegetables every 2-3 days (e.g., Allen et al., 
1998), the irrigation water was applied every 3 days with the duration of 8 h. A third type Caucy 
boundary condition along the emitter surface was used to evaluate the effect of nitrogen application 
from fertigation on nutrient uptake and solute distribution in the soil during a given fertigation 
event. In the simulation, fertigation was applied every 2 weeks with NO3-N concentration of 1.07 
mmol L-3 (Phogat et al., 2014). The total of 10 fertigation events was considered in one cultivation 
period. The fertigation involved applying fresh water for the first 4 h and fertilizer with irrigation 
water for the next 4 h. The initial conditions of soil water content and solute concentration were 
assumed uniform throughout the soil profile with the value of 0.103 cm3 cm-3 for soil water content 
and zero for initial solute concentration.     
Figure 7.3 Conceptual geometry of simulated area showing ring-shaped emitter location and 
boundary conditions used in HYDRUS 2D/3D simulations, b) red dots represents the location of 
observation points in the soil profile. 
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7.2.3. Root Water and Nutrient Uptake Parameters 
The parameters of the spatial root distribution based on Vrugt et al (2001) model were 
considered in the simulation. The roots of the hot pepper were assumed concentrated mainly below 
the buried ring-shaped emitter where the water and nutrient were applied and expanded horizontally 
into all available space between crop lines. The parameters of root distribution are summarized in 
Table 7.2 while the spatial root distribution is shown in Figure 7.4. The reduction of root water 
uptake due to the water stress, α1 (h), was modeled based on the Feddes approach (Feddes et al., 
1978), which is implemented in HYDRUS. The reduction in root water uptake due to salinity stress, 
α2 (h) was described by adopting the Maas and Hoffmann (1977) salinity threshold and slope 
function. The parameters of water stress reduction function of Feddes et al. (1978) and osmotic 
reduction parameters of Maas and Hoffman (1977) are listed in Table 7.3. 
 
Table 7.2 Root distribution parameters from Vrugt et al. (2001) for hot pepper 
Zm (cm) Z* (cm) Xr (cm) Yr (cm) Pz Px Py 
60 35 25 25 1 1 1 
 
 
Table 7.3 Root water uptake parameters and osmotic reduction parameters (From Feddes et al., 
1978) and Maas and Hoffman, 1977, respectively) 
Po (cm) -10 
  
Osmotic Reduction   
Popt (cm) -20 Treshold  (dS/m) 2.5 
P2H (cm -800 
 
Slope (%) 9.9 
P2L (cm) -1500 
 
Osmotic coefficient 1 
P3 (cm) -3000 
 
cRoot 0.2 
r2H (cm/day) 0.5 
   r2L (cm/day) 0.1       
 
 
Table 7.4 Soil hydraulic parameters used in HYDRUS-2D/3D water flow simulations. 
Soil texture θr (cm³ cm-³) θs (cm³ cm-³) α (1/cm) n Ks (cm day-1) l 
Sandy clay loam 0.09 0.524 0.045 1.623 90.27 0.5 
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Figure 7.4 A spatial root distribution used in the simulation based on Vrugt et al. (2001) parameters. 
7.2.4. Properties of Soil and Solutes Considered in HYDRUS Simulations 
Simulations were carried out for sandy clay loam as represent the soil texture used in the 
study area. The soil hydraulic parameters of van Genuchten-Mualem are given in Table 7.4. The 
Crank-Nicholson and Galerkin finite element schemes were used to solve the advection-dispersion 
equations of solute transport with the recommended value of the stability criterion in the simulation. 
A non-reactive tracer was considered in solute transport simulations. The longitudinal dispersivity 
equal to one-tenth of the profile depth and transversal dispersivity equal to one-tenth of longitudinal 
dispersivity, which are recommended in many studies (Ajdary et al., 2007; Ramos et al., 2012 and 
Doltra and Muňoz, 2010), were used.  Thus, the longitudinal and transversal dispersivities were set 
to 10 cm and 1 cm, respectively. Since the effect of long-term subsurface irrigation with ring-
shaped emitter on water and physical solute distribution in soil was the main concern in this study, 
the chemical interaction and biological process of solute degradation were ignored. The value used 
for maximum solute concentration of the water removed from the flow region by root uptake 
(cRoot) was set to 0.2 (Doltra and Muňoz, 2010). No Nitrogen reaction or transforming process was 
considered, assuming chemicals were either both that taken up by the crops and or transported by 
water flow in the soil (part of them will be that lost through leaching).  
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To evaluate the long-term effect of subsurface irrigation with the ring shaped emitter, a 
long-term simulation was conducted for 10 years using the series meteorological data from 2008 to 
2017. The series of meteorological data used in the study area such as precipitation, air temperature, 
relative humidity, wind speed and solar radiation downloaded from the website of National Oceanic 
and Atmospheric Administration (http://www.1.ncdc.noaa.gov.) Two emitter designs were 
compared, the emitter 5F as the original design and the emitter 2P which is an alternative design 
(e.g., emitter design has been explained in previous chapter). The simulations were done by 
adjusting the same amount of water applied for both emitter 5F and 2P. 
7.3. Results and Discussions 
7.3.1. Long-term HYDRUS Simulations 
Fig. 7.5 shows the simulated nitrogen concentrations over 10 years for the emitters 2P and 
5F at 4 observation points in the center of the emitter. The nitrogen concentration tended to increase 
during the fertigation event and decrease as the root uptake nutrient for their development. Since the 
active root zone concentrated at the depth of 0 - 35cm, solute concentration was the highest at a 
depth of 30 cm, which is classified as an active root zone. The general trend of nitrogen 
concentration mainly changed in the depth of 10 cm and 30 cm during growth season. As for 
emitter 2P, the average nitrogen concentration was 0.25 mmol cm-3 higher than 0.19 mmol cm-3 of 
emitter 5F. Therefore, because of high concentration of nitrogen in the root zone, more nitrogen can 
be extracted by the roots when emitter 2P was used. As water infiltrates slowly into the soil profile, 
it allows plant root to uptake water and nutrient at the optimum rate. 
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The fertigation increased the nitrogen content in the soil profile every year, as is evident 
from an increasing concentration below the buried emitter (i.e emitter depth is 20 cm) as the season 
progressed. As depicted in Fig.7.5, the concentration of nitrogen was high at a depth of 30 cm, 
which was about 0.25 mmol cm-3 and 0.20 mmol cm-3 for emitter 2P and emitter 5F, respectively. 
This indicates that the plant was not able to take up all nitrogen added through fertigation. Thus, 
nitrogen remained in the soil at the end of the crop season. Ultimately, nitrogen started moving 
downwards after cultivation season, when there was high rainfall. This nitrogen is expected to 
continue leaching downwards over time and become a potential source of hazard pollution to the 
shallow ground water and subsurface environment. Alva et al. (2006) found greater variations in 
nitrogen concentrations in the 0-15 cm depth of soil layer in a field experiment under citrus 
cultivation, which the seasonal concentration of nitrogen in the soil profile varied from 0.01 – 7.03 
Figure 7.5 Simulated solute distribution at different soil layers when nitrogen fertilizer was applied 
by (a) emitter 2P and (b) emitter 5F for 10 years. 
 94 
 
mmol cm-3. Phogat et al. (2014) reported the concentration of nitrogen remained high at a depth of 
25 cm and seasonal root zone nitrogen concentrations ranging from 0 to 8 mmol cm-3 in the end of 
cultivation season.  
Additionally, the concentration of nitrogen was lower during the growing season in 2010 
due to higher precipitation occurred in the middle of August. During the crop season the intensity of 
rainfall was higher than other years, thus, the about 50% of total infiltrated water was lost through 
deep percolation.  This indicates that the amount of 28. 4 % nitrogen leached out from the root zone 
due to deep percolation from excess water through irrigation and precipitation at the same time.     
  Simulated spatial nitrogen distributions in the soil profiles under different emitter designs 
from 2008 to 2017 are depicted in Figure 7.6. The figure reveals that the difference in nitrogen 
concentration was more at the depth of 10 – 30 cm, which is near from the emitter location. The 
nitrogen concentration increased with depth up to 30 cm thereafter decreased as the plant roots 
actively up took nutrient during the growing season. The fluctuation of the solute concentration in 
the deeper layer was less than the upper layer. While the plant uptake reduced at the end of the crop 
cultivation season, excess water further mobilized nitrogen out from the root zone, as is evident 
from 300 DOY and beyond. At the end of cultivation, the amount of solute concentration remained 
in the soil profile. The accumulated nitrogen might be leaching out to the deeper layer when 
precipitation occurred and become a potential pollutant to groundwater environment. On the other 
hand, when the evaporation rate increased at the soil surface, the accumulation of nitrogen increased 
at the soil surface.  
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Figure 7.6 Spatial distribution of simulated solute transport over 10 year simulation for emitter 2P 
(a) and emitter 5F (b). 
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The effect of emitter design on the nitrogen distribution is shown in Fig.7.6. Although the 
same amount of fertilizer was injected during each fertigation event, the emitter design affected 
evidently the nitrogen distribution. As for the emitter 2P, the nitrogen moved less downward as 
water was applied slowly from the emitter 2P. It indicated that more nitrogen was taken by plant 
roots when nitrogen remained in the active root zone. At the end of the crop cultivation, as the 
nitrogen remained in the soil profile, nitrogen did not leach to the deepest layer. On the other hand, 
the nitrogen in the root zone for the emitter 5F was higher in the early fertigation event and moved 
downward to a deeper soil layer immediately due to the high discharge rate of emitter 5F. The 
amount of solute leached below the root zone was about 7,755 mmol higher than of that emitter 2P 
(2,565 mmol) over 10 years. It indicated that more solute leaching occurred to shallow groundwater 
when the emitter 5F was used. Thus, potential groundwater pollution more pronounce in emitter 5F. 
7.3.2. Crop Nutrient Uptake 
The cumulative nutrient uptake was computed by adjusting the amount of nutrient applied 
same for all the emitter designs. Figure 7.7 shows the cumulative nutrient root uptake during the 
cultivation season for different emitter designs. The figure shows that the root nutrient uptake was 
high and solute leaching was virtually eliminated when the emitter 2P was used. The ratio of the 
cumulative nutrient uptake to the cumulative nutrient applied for the emitter 2P was about 93.6 %, 
which is higher than that of emitter 5F (82.1%). Despite the lower irrigation discharge rate for the 
emitter 2P, allowing the plant roots to uptake more nutrient in the active root zone. At the same 
time, it reduced the nutrient leaching from the root zone due to excess water from irrigation events. 
However, the cumulative nutrient uptake was lower than the nutrient applied every year, indicating 
that the plant was not able to uptake all nutrients applied through fertigation event. 
On the other hand, when the nutrient applied through emitter 5F, the nutrient uptake by plant 
roots was lower than emitter 2P. Although the same amount of water and nutrient applied in all 
emitter designs, the cumulative nutrient uptake was low in emitter 5F. This may be due to the fact 
that the higher emitter discharge rate facilitated more water and nutrient movement in downward 
directions. Therefore, more nutrients leached below the root zone. Furthermore, because of the high 
intensity of precipitation during the growing season of 2010 and 2016, more nutrients leached 
below to the root zone.     
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7.3.3. Solute Leaching 
The amount of solute leached below the root zone was determined by computing the amount 
of solute flux drainage freely in the bottom boundary (i.e., 100 cm depth). The cumulative leached 
solute under different emitter designs is plotted in Figure 7.8. The leached solute was considerably 
higher when the emitter 5F was used. Nutrient leaching most likely occurred following a fertigation 
event for emitter 5F. This might be due to the fact that larger emitter discharge rate pushed the 
nutrient below the root zone. Wang et al. (2014) reported a great emitter discharge resulted in a 
large amount of deep percolation and nutrient leaching rate. An increase nutrient leaching was also 
greatly dependent on precipitation. A great precipitation during growing season produced more 
drainage. This fact was confirmed by simulating deep drainage in 2010 and 2016 where the 
precipitation was higher during the irrigation season. Arbat et al. (2013) indicated that nutrient 
leaching during the irrigation season was considerably higher when heavy precipitation events 
occurred and water consumption of crop roots was relatively small.  
Figure 7.7 Cumulative nutrient uptake when the cumulative nutrient was applied same in (a) emitter 
2P and (b) emitter 5F. 
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On the other hand, there was only limited leaching below the root zone and fertilizers 
remained accessible to the plant roots when the emitter 2P was used. As for the emitter 2P, water 
infiltrated slowly because of the low emitter discharge rate, resulted less nutrient moved downward 
during the growing season. The lower irrigation discharge rate facilitated root nutrient uptake and 
minimized the nutrient losses due to deep percolation. For the emitter 2P, the remained nutrient at 
the end of crop season leached out during rainy season. Therefore, the nutrient leaching was mainly 
due to the high precipitation instead of excessing water from irrigation events.  
7.4. Summary 
The long-term effect of subsurface irrigation with the ring-shaped emitter on water 
movement and solute distribution was evaluated numerically using HYDRUS. Two emitter designs 
were compared as well as: the emitters 2P and emitter 5F. The simulation results were extended by 
to 10 years in order to understand the effect of irrigation and nutrient applied on the shallow 
groundwater environment. The simulation results showed that potential solute leaching was higher 
when emitter 5F was used over 10 years. It can give negative impact to the ground water 
environmental as it increased the hazard pollutant from chemical fertilizer application. On the other 
hand, by applying fertigation through emitter 2P, which had the low discharge rate, the amount of 
nutrient leaching can be minimized. The simulation results confirmed that 93.6% of nutrient applied 
was taken by plant roots. Therefore, in order to minimize the leaching losses in fertigation cycle, the 
Figure 7.8 Cumulative solute leaching over 10 years when the same amount of fertigation was 
injected in emitter 2P and emitter 5F. 
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application of emitter with low flow discharge rate can be considered. In this chapter, the 
assessment of irrigation and fertigation for long period is important to evaluate the design and 
management of subsurface irrigation with ring-shaped emitter in arid regions by considering climate 
conditions, crop, and soil types besides controlling environmental contaminations. 
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Chapter 8. Conclusions and Recommendations 
 
8.1.  Conclusions 
This study has presented the performance of ring-shaped emitter for sustainable subsurface 
irrigation practices in arid regions. The experimental and numerical analysis was combined to 
evaluate irrigation design and practices by considering soil hydraulic characteristics, amount of 
water and nutrient application and crop system. This study was divided into several sub studies to 
address the specific objectives as follows:  
1. Investigation subsurface water movement around buried ring-shaped emitter 
In order to understand subsurface water flow around buried ring-shaped emitter, the 
laboratory experiments and numerical analysis were conducted. Knowledge of water movement in 
different soil characteristics and amount of water application is essential for the design and 
evaluating of subsurface irrigation with ring-shaped emitter. Subsurface water application 
experiments were carried out using the original ring-shaped emitter, 5F. Numerical model 
HYDRUS was used to simulate water movement around buried emitter. This study presented 
several conclusions; 
a. Soil hydraulic properties greatly influence the wetted volume in infiltration processes 
during subsurface water was applied through buried ring-shaped emitter. Water moved 
radially around the emitter in silt, while downward water movement was dominant in 
sand. The difference in the flow pattern can be attributed to the difference in the 
macroscopic capillary length of the soil, which can be interpreted as a measure of the 
contribution of capillarity as opposed to gravity’s effect on unsaturated water movement. 
b. Water pressure head applications were significantly affected the wetted area. As water 
pressure head irrigation increase, the wetted area (e.g., wet volume) increase. Simulation 
results revealed that when the inlet pressure head was increased to 5 cm, wet volume 
reached near to soil surface for silt soil over 10 hour irrigation. It indicated that potential 
water loss from soil surface in silt soil due to the evaporation when the high water 
pressure head applied. On the other hand, as for sand soil, when the applied inlet 
pressure head was 5 cm, the preferential-type flow may have occurred underneath the 
drilled holes of the emitter that enhanced downward water movement. This type of flow 
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clearly creates a non-uniform asymmetrical wetted volume around the buried emitter, 
which may not be an ideal situation for plant roots to uptake water. It may, therefore, is 
not a good idea to apply a high inlet pressure when a ring-shaped emitter is installed in a 
sandy soil profile.  
c. The simulated soil water contents (SWCs) using HYDRUS were fitted well with the 
observed soil water contents for silt. Whereas, for sand, SWCs above the buried emitter 
were overestimated, and those directly below the emitter were underestimated. Generally 
numerical model HYDRUS can capture reasonably how ring-shaped emitter with the 
original design for subsurface irrigation works. 
2. Numerical evaluation of ring-shaped emitter designs for subsurface irrigation 
This study addresses the improvement ring-shaped emitter design which is not only easy to 
maintained and operated but also to increase water productivity. Thus, modified ring-shaped emitter 
by reducing the number of holes in the emitter and changing the covering method into partially 
covered only around the hole was proposed. The effect of alternative emitter designs on the spatial 
extent of the wetted volume around the buried emitter during the subsurface water application was 
investigated numerically using HYDRUS. Had the spatial distribution of the SWC been non-
uniform, some parts of the plant root system would have been stressed, resulting in the reduction in 
root water uptake. In this analysis, plant root water uptake (RWU) was therefore used as an indirect, 
quantitative proxy measure to assess the non-uniformity in the spatial extent of the wetted volume 
around the emitter. Two model plants, tomato and strawberry, were considered because of their 
contrasting root distributions. Both uncompensated and compensated RWU were then computed. 
While the former was used to assess the non-uniformity in the spatial extent of the wetted volume, 
the latter was used to investigate whether such non-uniformity had any effect on the plant root water 
uptake. In addition, the effect of preceding irrigation by considering several irrigation cycles was 
simulated to get more reliable for field practices. The presented study obtained several findings:  
a. The non-uniformity in the wetted volume in silt for the emitter with fewer holes was 
not significantly different because water moved radially from the emitter, diminishing 
the effect of the spatial hole configuration. For sand, on the other hand, the non-
uniformity in the wetted volume was larger, as indicated by uncompensated RWU. 
When the number of holes was reduced, the effect of the spatial hole configuration 
 102 
 
could not be attenuated in sand as the downward movement was dominant due to 
gravity force was higher in sand soil. 
b. Based on the compensated RWU model, the emitters with fewer holes tended to 
increase cumulative root water uptake for silt soil which corresponded to increase 
water use efficiency. As water was slowly discharged from the emitter with few holes, 
RWU slowly increased. Simulation results showed that water use efficiency was  
highest when the number of holes reduced to 2 holes (e.g., emitter 2P). This implies 
that reducing the number of holes does not affect the amount of water available for 
plant root uptake over 24 hours in silt. 
c. Simulated compensated RWU revealed that cumulative root water uptake is strongly 
affected by emitter designs when preceding irrigation was considered in the simulation. 
As the number of holes was reduced to 3 holes (e.g., Emitter 3P), resulted the highest 
cumulative root water uptake.  
d. In summary, these simulation results clearly confirmed that the number of holes can be 
reduced to 2 or 3 regardless of the soil types considered in this study. 
3. The performance of ring-shaped emitter designs for subsurface irrigation during crop 
cultivation. 
A combination between experimental and numerical analysis was conducted in order to 
evaluate the performance of ring-shaped emitter designs. Bell pepper (Capsicum annum L.) 
cultivation experiments were carried out in a glass-house. In the experiment, a bell pepper nursery 
was planted in a plant pot in which the ring-shaped emitter was buried at a depth of 15 cm. In 
addition to the modified design emitter with 2 holes, which was partially covered by the permeable 
textile, the original fully covered emitter with 5 holes was used in this experiment for a comparison 
purpose. Initially, the changes in soil water content at given positions and meteorological data were 
monitored during growing season as input parameters to assess the effects of ring –shaped emitter 
designs on soil water distribution and plant root water uptake. A numerical model, HYDRUS was 
used to validate the observed soil water content and actual plant root water uptake. The performance 
of ring-shaped emitter designs in terms of water productivity and irrigation water productivity was 
then evaluated. The results showed that: 
a. Soil water content fluctuated at a depth of 10 cm and 20 cm that corresponded to irrigation 
events and crop transpiration.  
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b. The emitter which had few holes can minimize water loss due to evaporation in soil surface 
and deep percolation from the deep layer. As can be observed the amount of water applied 
was maintained in the root zone (e.g., 15 – 30 cm).  
c. Soil water content remained high in all observation layers when subsurface water was 
applied through emitter which had more holes, emitter 5F.  
d. Plant root distribution was strongly affected by emitter designs. Since soil water content 
remained high in all observation depths, root distributed uniformly  from a depth of 5 to 35 
cm. The maximum root length density was found at a depth of 15 cm and 20 cm for emitter 
2P and 5F, respectively. It indicated that root uptake water intensively near from emitter 
location.  
e. Simulation results documented that predicted water contents were a good agreement with 
observed data which the value of RMSE and MAE was low. In addition, although some 
discrepancies were found, but generally simulated actual root water uptake (i.e., actual 
transpiration) during cultivation was fitted well with observed values.  
f. However emitter 2P had lower yield and growth performance, both experimental and 
numerical analysis confirmed that water productivity and irrigation water productivity can 
be increased when emitter 2P was used. The increases in water productivity and irrigation 
water productivity corresponded to the total amount of irrigation that was applied by 
different ring-shaped emitter designs. 
4. Numerical evaluation of long-term effect of subsurface irrigation with ring-shaped 
emitter in arid region.  
In order to provide food security besides environmental protection and suitable 
development, it is necessary to evaluate the long-term utilization of subsurface irrigation with ring-
shaped emitter by considering water and nutrient movement during irrigation practices. For this 
purpose, prediction and simulation for long-term period can be used for developing sustainable 
irrigation and fertigation operation. In this study, HYDRUS model was used to simulate water and 
nitrogen distribution in the soil through buried ring-shaped emitter. In the simulation results showed 
that solute has a very high leaching potential during the plant growth season when the original 
design of ring-shaped emitter was used. Solute transfer to shallow groundwater due to the high 
irrigation discharge rate was injected in emitter 5F and precipitation occurred at the same time. 
Therefore, optimization irrigation and fertigation scheduling are necessary by considering solute 
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leaching and its accumulation in the soil profile when emitter 5F was used for long-term period. On 
the other hand, by applying fertigation through emitter 2P, the amount of nutrient leaching can be 
minimized. The simulation results confirmed that 93.6% of nutrient applied was taken by plant 
roots. Therefore, in order to minimize the leaching losses in fertigation cycle, the application of 
emitter with low flow discharge rate can be considered. 
Overall, this study clearly demonstrated that in designing subsurface irrigation with ring-
shaped emitter involves with many factors, including the selections of an appropriate water pressure 
head application (i.e. emitter discharge rate), soil hydraulic characteristics, crop  and climate 
conditions as well as plant root distribution, root and nutrient uptake, transpiration and evaporation. 
Understanding water and nutrient movement in the vadose zone are important for an efficient 
irrigation water use and prevention of solute transport to groundwater environment. Thus, 
Numerical model HYDRUS can be a useful tool to predict those parameters and evaluate 
subsurface irrigation with ring-shaped emitter when the number of experiments were limited. A 
proper design of ring-shaped emitter for subsurface irrigation with the reduced number of holes is 
likely to be recommended to increase irrigation water productivity in arid regions. In addition the 
modified design with partial cover can be easily maintained and operated by the farmers.  
8.2. Recommendation for Future Works 
In the light of the obtained results and during the investigation presented in the current 
study, it was thought that the following research lines could be carried out in the further 
investigations: 
1. Study of the effect of capillary barrier on coarser soil textures under subsurface irrigation 
with ring-shaped emitter.  
Since the investigation of soil water movement in sand resulted preferential flow and 
non-uniformity flow, installation capillary barrier at given depth can be proposed to 
prevent water loss due to deep percolation. 
2. Study of the effect emitter depths and emitter spacing in the crop line on soil water 
distribution and nutrient transport during annual crop cultivation to improve irrigation 
water productivity.  
This study will improve the optimization of ring-shaped emitter installation in a depth 
and space between crops. In order to reach this objective, it will be better to apply 
different depth installations by considering root distribution, water and nutrient uptake 
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by plant roots. The cultivation experiment will be conducted in the field instead of pot 
cultivation in order to understand the real factors which can influence the crop growth.      
3. Evaluation of fertigation scheduling in order to get optimum irrigation and fertigation 
practices.  
This study will address the improvement fertilizer use efficiency under subsurface 
irrigation with ring-shaped emitter. Understanding the reactive transport of urea, 
ammonium, and nitrate during fertilizer application with irrigation water in the root zone 
will be helpful to develop fertigation and irrigation management. Numerical model can 
be used to quantify the movement and transformations of various nitrogen forms. 
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